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A PERFORMANCE APPLICATION STUDY OF A 
JET-FLAP HELICOPTER ROTOR 

SUMMARY 

A per formance  s t u d y  was made o f  t h e  a p p l i c a t i o n  of  a j e t - f l a p  t o  
a r e a c t i o n - d r i v e  r o t o r  f o r  a h e a v y - l i f t  h e l i c o p t e r  m i s s i o n  and 
f o r  a h i g h - s p e e d - h e l i c o p t e r  m a n e u v e r a b i l i t y  ( 2 0 0  k n o t s ,  2g) m i s -  
s i o n .  The r e s u l t s  o f  t h e  s t u d y  a r e  as f o l l o w s :  

Heavy L i f t  H e l i c o p t e r  Miss ion  

A s  a r e s u l t  of t h e  i n c r e a s e  i n  maximum a i r f o i l  l i f t  c o e f f i c i e n t  
ach ieved  by t h e  j e t - f l a p ,  r o t o r  s o l i d i t y  is  reduced  w i t h  t h e  
j e t - f l a p  t o  approx ima te ly  59% o f  a n o n - j e t - f l a p  r o t o r .  

A s  a r e s u l t  o f  t h e  s a v i n g  i n  r o t o r  s o l i d i t y ,  and hence i n  r o t o r  
w e i g h t ,  t h e  j e t - f l a p  c o n f i g u r a t i o n  had  a 2 1 %  h i g h e r  p r o d u c t i v i t y  
t h a n  a n o n - j e t - f l a p  c o n f i g u r a t i o n .  

Of t h e  t h r e e  p r o p u l s i o n  sys tems s t u d i e d  u t i l i z i n g  a j e t - f l a p  
(Hot Cyc le ,  Warn Cyc le ,  Cold Cycle)  t h e  Hot Cycle  gave t h e  l a r g -  
es t  i n c r e a s e  i n  p r o d u c t i v i t y  . 

200 Knot 2g M i s s i o n  

The 200  k n o t  2g m i s s i o n  is  per formed b e s t  w i t h  a Warm Cycle  p r o -  
p u l s i o n  sys tem.  The j e t - f l a p  p e r m i t s  d e s i g n i n g  f o r  a r o t o r  
b l a d e  l o a d i n g  c o e f f i c i e n t  CT/u  = . 1 7 0  a t  2g w i t h o u t  e n c o u n t e r i n g  
b l a d e  s t a l l .  A c o n v e n t i o n a l  r o t o r  w i l l  a l l o w  a CT/u o f  o n l y  
.083 a t  200  k n o t s .  Thus,  t h e  j e t - f l a p  r o t o r  p e r m i t s  a 200  k n o t  
2g maneuver w i t h o u t  s u f f e r i n g  t h e  p e n a l t y  o f  an u n r e a s o n a b l e  
r o t o r  s o l i d i t y  t h a t  would be r e q u i r e d  by a n o n - j e t - f l a p  r o t o r .  



I N T R O D U C T  I ON 

The concept  o f  a p p l y i n g  a j e t - f l a p  t o  a h e l i c o p t e r  r o t o r  t o  i m -  
p rove  performance has  r e c e i v e d  a t t e n t i o n  f o r  s e v e r a l  y e a r s .  

I n  t h e  c a s e  o f  t h e  j e t - d r i v e n  r o t o r ,  i t  i s  n e c e s s a r y  t o  i n t e g r a t e  
t h e  i n t e r n a l  gas thermodynamics,  t h e  e x t e r n a l  b l a d e  aerodynamics 
and t h e  b l a d e  s t r u c t u r a l  and dynamics d e s i g n  r e q u i r e m e n t s ,  S tud -  
i e s  of  t h e  j e t - f l a p  h e l i c o p t e r  on a j e t - d r i v e n  r o t o r  ( such  a s  
Reference  1) concluded t h e r e  was no c l e a r - c u t  t o t a l  sys tem c o s t  
advantage  o f  t he  j e t - f l a p  h e l i c o p t e r  o v e r  s h a f t - d r i v e n  h e l i c o p -  
t e r s  f o r  h i g h  speed  and heavy l i f t  m i s s i o n s .  The p r e s e n t  s t u d y  
i s  i n t e n d e d  t o  p r o v i d e  a d d i t i o n a l  i n f o r m a t i o n  on t h e  p o t e n t i a l  
per formance  advantage o f  t h e  j e t - d r i v e n  h e l i c o p t e r  equipped  w i t h  
a j e t - f 1 ap . 
The s t u d y  has  two o b j e c t i v e s ,  each  r e l a t e d  t o  w i d e l y  d i f f e r e n t  
v e h i c l e s  and m i s s i o n s .  The i n i t i a l  work i s  concerned  w i t h  a 
heavy l i f t  m i s s i o n ,  which has  a c r u i s e  s p e e d ,  w i t h  p a y l o a d ,  of 
1 1 0  k n o t s .  The o b j e c t i v e  of  t h e  f i r s t  p a r t  o f  t h i s  s t u d y  i s  t o  
employ a j e t - f l a p  on a h e l i c o p t e r  r o t o r  s o  a s  t o  o b t a i n  t h e  l a r g -  
e s t  improvement i n  p r o d u c t i v i t y ,  compared t o  a r e f e r e n c e  warm 
c y c l e ,  n o - j e t - f l a p  h e l i c o p t e r .  By t h e  n a t u r e  o f  t h e  j e t - f l a p ,  
more l i f t  i s  d e r i v e d  by t h e  i n t e g r a t i o n  o f  t h e  a i r f o i l  aerody-  
namics and t h e  p r o p u l s i o n  sys tem f low t h a n  by d e a l i n g  w i t h  
aerodynamics and p r o p u l s i o n  s e p a r a t e l y ,  and b l a d e  s t a l l  e f f e c t s  
i n  t h e  u s u a l  s e n s e  can be  pos tponed  t o  a more h e a v i l y  loaded  
c o n d i t i o n .  Th i s  means t h a t  t h e  h e l i c o p t e r  can s imply  be  f lown 
f a s t e r  t h a n  u s u a l  w i t h  a c o n v e n t i o n a l  b l a d e  chord  ( o r  s o l i d i t y ) .  
A l t e r n a t e l y ,  if  s p e e d  i s  l i m i t e d  t o  a c e r t a i n  v a l u e  a s  was done 
i n  t h i s  Heavy L i f t  s t u d y ,  t h e  b l a d e  chord  can be r educed  s u b s t a n -  
t i a l l y  below t h e  c o n v e n t i o n a l  s i z e ,  t h u s  r e d u c i n g  r o t o r  w e i g h t ,  
p r o f i l e  power,  and h o p e f u l l y ,  f u e l .  As a g o a l ,  a 50% r e d u c t i o n  
i n  r o t o r  s o l i d i t y  was s o u g h t ,  co r re spond ing  t o  a doub l ing  o f  t h e  
r o t o r  (C,/o) from t h e  u s u a l  . l o - . l l  t o  . 2 0 - . 2 2 .  

I n  t h e  c a s e  o f  t h e  second m i s s i o n  i n v e s t i g a t e d ,  t h e  o b j e c t i v e  
was t o  de t e rmine  whe the r  a c o n v e n t i o n a l  s o l i d i t y  p u r e  h e l i c o p t e r  
w i t h  a j e t - f l a p  r o t o r  can per form t h e  d e s i r e d  m i s s i o n  o f  s u s -  
t a i n e d  2g a t  2 0 0  k n o t s .  A l a t e r  s t u d y  s h o u l d  be  c o n s i d e r e d  o f  
t h e  optimum h e l i c o p t e r  c o n f i g u r a t i o n  t o  p e r f o r m  t h e  2 0 0  k n o t ,  2g 
m i s s i o n ,  i n  o r d e r  t o  e v a l u a t e  t h e  p l a c e  o f  t h e  j e t - f l a p  h e l i c o p -  
t e r .  
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r o t o r  l o n g i t u d i n a l  f o r c e  c o e f f i c i e n t ,  H ~m 
t o t a l  l o c a l  s e c t i o n  l i f t  c o e f f i c i e n t ,  R 

qRc 

l i f t  c o e f f i c i e n t  due t o  s e c t i o n  shape (no j e t  
e f f e c t s )  

r o t o r  l i f t  c o e f f i c i e n t  , L Tmm 
p r o p u l s i v e  power coe f f i c i e n  t , *71qVf 

Apo3 
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QNoz 
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De 

DH 

DWN 
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EW 
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4 

im%m r o t o r  t o r q u e  c o e f f i c i e n t ,  

bWa 
m3W-i C o r i o l i s  t o r q u e  c o e f f i c i e n t ,  

t i p  n o z z l e  t o r q u e  c o e f f i c i e n t ,  WaKsVsb 
gAP (OR) 

r o t o r  t h r u s t  c o e f f i c i e n t ,  T 
5TnF 

b l a d e  l o a d i n g  c o e f f i c i e n t  

e f f e c t i v e  n o z z l e  v e l o c i t y  c o e f f i c i e n t  

r o t o r  p r o p u l s i v e  f o r c e  c o e f f i c i e n t ,  X 
pAlnR)2 

b l a d e  chord ,  f t  (aerodynamics)  ; i n  ( w e i g h t s )  

l o c a l  s e c t i o n  momentum c o e f f i c i e n t ,  mV 3 
qRc 

d i v e r t e r  v a l v e  e x i t  d i a m e t e r ,  i n  

d u c t  h y d r a u l i c  d i a m e t e r ,  f t  

r o t o r  download on f u s e l a g e / r o t o r  t h r u s t  

t o t a l  l o c a l  s e c t i o n  d r a g  p e r  u n i t  s p a n ,  l b / f t  

empty w e i g h t ,  l b  

f l a p p i n g  h i n g e  o f f s e t ,  f t  
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MD 

MI 

MT 
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Ne 

Nt  

P 

d u c t  f r i c t i o n  c o e f f i c i e n t  

g r o s s  w e i g h t ,  l b  

a c c e l e r a t i o n  of g r a v i t y ,  f t / s e c  2 

downwind f o r c e  p e r p e n d i c u l a r  t o  s h a f t ,  l b  

b l a d e  i n e r t i a  moment about  f l a p p i n g  h i n g e ,  s l u g - f t  2 

i n c i d e n c e  o f  t i p  n o z z l e  t o  b l a d e  t i p ,  d e g ;  p o s i t i v e  
UP 

numbering v a r i a b l e  f o r  j e t - f l a p  s e c t i o n s  ( j = 1 , 4 )  
and t i p  nozz le  ( j = 5 )  

s t a t e - o f - t h e - a r t  we igh t  improvement f a c t o r  
A l s o ,  r a t i o  o f  s p e c i f i c  h e a t s  

f r a c t i o n  o f  gas f low l e a v i n g  an e l emen t  o f  t h e  
f l a p - n o z z l e  r e g i o n  

l i f t ,  l b  

t o t a l  l o c a l  s e c t i o n  l i f t  p e r  u n i t  s p a n ,  l b / f t  

c e n t r i f u g a l  f o r c e  moment about  f l a p p i n g  h i n g e ,  f t -  l b  

d u c t  Mach Number 

b l a d e  i n e r t i a  moment about  f l a p p i n g  h i n g e ,  f t - l b  

b l a d e  t h r u s t  moment about  f l a p p i n g  h i n g e ,  f t - l b  

b l a d e  weight  moment about  f l a p p i n g  h i n g e ,  f t - l b  

l o c a l  Mach Number on b l a d e  s u r f a c e  

j e t  mass f l u x  p e r  u n i t  s p a n ,  all b l a d e s ,  s l u  s 

number o f  eng ines  ( = 3 )  

6 

number o f  f u e l  t a n k s  

l o c a l  gas  p r e s s u r e ,  l b / i n  2 
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r u b b e r  e n g i n e  a i r  f low e x p r e s s e d  a s  a f r a c t i o n  of 
1 

r e f e r e n c e  e n g i n e  a i r  flow*, w /W 
a aref  

2 ambient p r e s s u r e ,  l b / i n  

2 eng ine  e x h a u s t  p r e s s u r e ,  l b / i n  

eng ine  i n l e t  p r e s s u r e  ( i n c l u d i n g  r am) ,  l b / i n  
2 

p a y l o a d ,  l b  

eng ine  power l e v e l  

r a t i o  of  p r o f i l e  d r a g  o f  a b l a d e  s e c t i o n  t o  t h a t  
f o r  a NACA 0015 

r o t o r  t o r q u e ,  f t - l b  

f r e e  stream dynamic p r e s s u r e ,  l b / f t  

l o c a l  dynamic p r e s s u r e ,  4 p U 2 ,  l b / f t  

2 

2 

b l a d e  r a d i u s ,  f t  

gas  c o n s t a n t ,  f t - l b  m m 

d i s t a n c e  from b l a d e  f l a p p i n g  h i n g e  t o  b l a d e  s t a t i o n ,  
f t  

s u r f a c e  a r e a ,  f t  2 

s u p e r c i r c u l a t i o n  t h r u s t  p a r a m e t e r ,  see e q u a t i o n  (B-2) 

s u p e r c i r c u l a t i o n  l i f t  p a r a m e t e r ,  see  e q u a t i o n  ( B - 1 )  

r o t o r  t h r u s t ,  l b  
A l s o ,  l o c a l  gas  t e m p e r a t u r e ,  O R  

eng ine  e x h a u s t  t e m p e r a t u r e ,  O R  

eng ine  a i r  ram d r a g ,  l b  

eng ine  i n l e t  t e m p e r a t u r e ,  OR o r  OF 
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b l a d e  t h i c k n e s s  a t  d e e p e s t  s e c t i o n ,  i n  

l o c a l  v e l o c i t y  p e r p e n d i c u l a r  t o  b l a d e  s p a n ,  f t / s e c  
A l s o ,  b l a d e  d u c t  a r e a  

b l a d e  c r o s s - s e c t i o n  a r e a  

component o f  U a long  t h e  s h a f t  a x i s  

component o f  U p e r p e n d i c u l a r  t o  s h a f t  a x i s  

d imens ion le s s  l o c a l  v e l o c i t y ,  U / R R  

f r e e - s t r e a m  v e l o c i t y ,  f t / s e c  

h e l i c o p t e r  b lock  s p e e d ,  mi s s ion  r a d i u s ,  k n o t s  
t o t a l  t i m e  

induced  v e l o c i t y ,  f t / s e c  

l o c a l  j e t  v e l o c i t y ,  f t / s e c  

r o t o r  t i p  speed ,  f t / s e c ,  QR 

max r e d l i n e  t i p  speed ,  f t / s e c  
I n  Weight Equa t ions ,  Vt  = 750 (Heavy L i f t )  

= 700 (High Speed) 

nozz le  j e t  v e l o c i t y ,  f t / s e c  v5  

'a d e s i g n  engine  a i r  f l ow,  l b / s e c  

w eng ine  a i r  f low f o r  r e f e r e n c e  eng ine  (Table  1), 
aref l b / s e c  

W 
g 

W 
gb 

X 

X 

des ign  g ross  w e i g h t ,  l b  
A l s o ,  engine  gas  f l o w ,  l b / s e c  

d e s i g n  g ross  we igh t  o f  b a s e l i n e  h e l i c o p t e r ,  
1 0 5 , 0 0 0  l b  

p r o p u l s i v e  f o r c e ,  p o s i t i v e  ups t ream,  l b  

d imens ion le s s  r a d i a l  s t a t i o n ,  r / R  
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Diver  t e  r v a l v e  

Weight empty 

E l e c t r i c a l  group 
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j d  J e t  d r i v e  

1g A l i g h t i n g  g e a r  

11 Winch l i f t i n g  l o a d  

n a c  N a c e l l e  

Pa Passenge r  accommodations 

r Main r o t o r  

r b  Rotor  b rake  

r e  Reference  e n g i n e  

t r  T a i l  r o t o r  

t s  T a i l  s u r f a c e s  

uf Unus ab l e  f u e  1 

u l  Use fu l  l oad  

W Winch sys tem 

Y f d Y a w  f a n  d r i v e  

DEVELOPMENT OF J E T - F L A P  BLADE DESIGN 

The u s e  o f  a j e t - f l a p  on a j e t - d r i v e n  r o t o r  r e q u i r e s  d e s i g n  i n t e -  
g r a t i o n  o f  t h e  p r o p u l s i o n ,  aerodynamic,  and dynamic sys t ems .  
Design work on b l ade  s t r u c t u r a l  c o n f i g u r a t i o n s  d i s c l o s e d  t h e  
p o s s i b i l i t y  o f  us ing  a honeycomb-type c o n s t r u c t i o n ,  l e a d i n g  t o  
a s i m p l e r  b l a d e  d e s i g n  t h a n  t h a t  p r e v i o u s l y  employed i n  h o t  gas  
d u c t e d  sys t ems .  T h i s  honeycomb-type c o n s t r u c t i o n  i s  d i s c u s s e d  
i n  Reference  2 and is  shown i n  F i g u r e  1. 

A v a r i a t i o n  o f  t h i s  b a s i c  b l a d e  s t r u c t u r a l  d e s i g n  i s  p roposed  
f o r  t h e  j e t - f l a p  r o t o r  b l a d e  c o n s i d e r e d  h e r e .  I t  i s  proposed  
t h a t  t h e  i n b o a r d  p o r t i o n  o f  t h e  r o t o r  b l a d e  w i l l  n o t  have a j e t -  
f l a p ,  and t h a t  t h e  ou tboa rd  p o r t i o n  o f  t h e  b l a d e  ( o u t e r  3 0 - 4 0  
p e r c e n t )  w i l l  be  equ ipped  w i t h  a m e c h a n i c a l l y - a c t u a t e d  f l a p ,  o f  
approx ima te ly  12 .5% c h o r d ,  as shown s c h e m a t i c a l l y  i n  F i g u r e  1. 

1 0  



7 FLAP FEED 

FLAP ACTUATOR 1 

Figure 1 .  Schematic of Blade Construction and Jet Flap Installation 
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COMBINED PARAMETRIC DESIGN/PERFORMANCE PROGRAM 

An a n a l y s i s  o f  t h e  l a r g e  number o f  i n t e r r e l a t e d  d e s i g n  p a r a -  
meters o f  a g a s - d r i v e n  r o t o r  sys tem r e q u i r e s  a p a r a m e t r i c  d e s i g n  
program which i n c o r p o r a t e s  a per formance  a n a l y s i s ,  r , ropu l s ion  
a n a l y s i s ,  and weight  a n a l y s i s .  The i n t r o d u c t i o n  o f  t h e  j e t - f l a p  
r e q u i r e s  s u b s t i t u t i o n  of  an aerodynamics per formance  program 
t h a t  i s  s e n s i t i v e  t o  t h e  l o c a l  changes i n  l i f t  c o e f f i c i e n t  and 
d rag  c o e f f i c i e n t  b rough t  about  by t h e  blowing a c t i o n  o f  t h e  j e t -  
f l a p .  

An a v a i l a b l e  performance program, o r g a n i z e d  i n  a n u m e r i c a l  i n t e -  
g r a t i o n  f o m ,  and based  on t h e  a n a l y s e s  p r e s e n t e d  i n  Refe rence  3 
and 4 was combined w i t h  a p a r a m e t r i c  d e s i g n  program. T h i s  i n t e -  
g r a t e d  program then  p e r m i t t e d  t h e  i n v e s t i g a t i o n  of  v a r i o u s  p r o -  
p u l s i o n  sys tems ( h o t ,  w a r m ,  and c o l d  c y c l e s ) ,  m i s s i o n s  (heavy 
l i f t  and h i g h  speed)  and j e t - f l a p  p a r a m e t e r s  ( p e r c e n t  gas  b l e e d  
t o  f l a p ,  f l a p  l e n g t h / r a d i u s ,  f l a p  d e f l e c t i o n ,  e t c . ) .  I n  t h e  
e x e c u t i o n  o f  any one m i s s i o n  s t u d y ,  t h e  per formance  r o u t i n e  i s  
used  s e v e r a l  t i m e s ,  s o  computa t iona l  time i s  l o n g e r  t h a n  u s u a l  
f o r  a p a r a m e t r i c  program. However, by v a r y i n g  one p a r a m e t e r  a t  
a t ime ( i n s o f a r  a s  p o s s i b l e ) ,  an optimum h e l i c o p t e r  c o n f i g u r a -  
t i o n  cou ld  t h e n  be d e f i n e d  f o r  each  m i s s i o n .  

Miss ion  D e f i n i t i o n s  

The f o l l o w i n g  two m i s s i o n s  were s e l e c t e d  t o  show t h e  p o t e n t i a l  
advantages  of  t h e  j e t - f l a p  i n  a p p l i c a t i o n s  o f  g e n e r a l  i n t e r e s t .  

He avv L i f t  He li COD t e r  

1. 

2 .  

3. 

4. 
5 .  
6 .  
7 .  
8. 

1 2  

Payload  

Miss ion  r a d i u s  (payload  

Hover power r e q u i  remen t 
b o t h  ways) 

C r u i s e  speed  
Hover t ime p e r  m i s s i o n  
Warm-up f u e l  a l lowance  
Reserve f u e l  
Rotor  t i p  speed  

3 0  t g n s  (approx)  ( s e a  l e v e l ,  
9 5  F) 

50  n miles 

5 0 0  fpm v e r t i c a l  r g t e  o f  c l i m b  

1 1 0  k n o t s  a t  s e a  l e v e l ,  9 5 O K  
2 0  minu te s  a t  s e a  l e v e l ,  9 5  F 
5 0 0  pounds 
1 0 %  o f  i n i t i a l  
700  f e e t / s e c o n d  

a t  4000  f e e t ,  95  F.  



High speed  maneuverable (200 k n o t ,  2g) h e l i c o p t e r  

1. 

2. 

3 .  

4. 
5. 

6 .  
7. 
8. 
9. 

Pay load  

Miss ion  r a d i u s  (payload  

Hover power requi rement  
b o t h  ways) 

C r u i s e  speed  
Maneuver c a p a b i l i t y  a t  

200 k n o t s  
Hover t i m e  p e r  mis s ion  
Warm-up f u e l  a l lowance  
Reserve f u e l  
Rotor  t i p  speed  

3 tonos ( a p p r o x ) ( s e a  l e v e l ,  
95 F 

1 0 0  n m i l e s  

500 fpm v e r t i c a l  rBte o f  c l imb 

200  k n o t s  a t  s e a  l e v e l ,  9S°F 
2 .  og 

a t  4000 f e e t ,  95 F 

5 minu tes  a t  s e a  l e v e l ,  95°F 
75  pounds 
1 0 %  of i n i t i a l  
650 f e e t / s e c o n d  

B a s i c  h e l i c o p t e r  pa rame te r s  

1. Duct a r e a  u t i l i z a t i o n  u = . 7 3  
2 .  Duct f r i c t i o n  c o e f f i -  E = .003 

3 .  No. o f  eng ines  3 
c i e n t  

4.  J e t - f l a p  t h r u s t  recov-  0 . 5  
e r y  f a c t o r  * 

Discuss ion  of Computer Program 

An a b b r e v i a t e d  program f low diagram of  t h e  p a r a m e t r i c  d e s i g n /  
per formance  program i s  g iven  i n  F i g u r e  2 .  S p e c i a l  a t t e n t i o n  
i s  g iven  t o  t h e  aerodynamics/performance s u b r o u t i n e .  T h i s  p a r t  
o f  t h e  program c a l c u l a t e s  r o t o r  f o r c e s  and moments by numer i ca l  
i n t e g r a t i o n  of b l a d e  e lement  f o r c e s  and moments. I t  s h o u l d  be 
n o t e d  t h a t  t h e  i n t r o d u c t i o n  o f  t h e  j e t - f l a p  d i d  n o t  i n c r e a s e  t h e  
c a l - c u l a t i o n  t i m e  f o r  a converged p o i n t ,  compared t o  a conven- 
t i o n a l ,  no- j e t - f l a p  case .  

A d e t a i l e d  d e s c r i p t i o n  o f  t h e  e q u a t i o n s  used  i s  found i n  Appen- 
d i x  A. Comments on t h e  f u n c t i o n  of t h e  per formance  s u b r o u t i n e  
f o r m u l a t i o n  a t  t h e  noted  o p t i o n  l o c a t i o n  on F igu re  2 a r e  a s  
f o l l o w s :  

* As d e f i n e d  by t h e  term s d ,  s u p e r c i r c u l a t i o n  t h r u s t  p a r a m e t e r ,  
i n  Reference  5. 
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Figure  2. Computer P r o g r a m  Flow Diagram (Concluded) 
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Option 1. Heavy L i f t  d e s i g n  g r o s s  w e i g h t . -  A t  z e r o  a i r s p e e d ,  
a t  a g iven  v e r t i c a l  r a t e  o f  c l imb ,  and a t  an eng ine  power l e v e l  
( P . L . ) * ,  i n f l o w  r a t i o  (Xo) and b l a d e  r o o t  p i t c h  a n g l e  ( B o )  a r e  
v a r i e d  from i n i t i a l  e s t i m a t e s  u n t i l  t o t a l  r o t o r  t o r q u e  c o e f f i -  
c i e n t  ( C  ) i s  zero  and f i n a l  v e r t i c a l  r a t e  o f  c l imb e q u a l s  t h e  
i n i t i a l  v a l u e .  

Q 

Option 2 .  Hover f u e l  a t  a g iven  g r o s s  w e i g h t . -  Given a v e r t i -  
c a l  r a t e  o f  climb ( i n c l u d i n g  O=hover) and r o t o r  t h r u s t  ( T )  a t  
ze ro  a i r s p e e d ,  B o  and (P.L.)  are  v a r i e d  from i n i t i a l  e s t i m a t e s  
u n t i l  C, e q u a l s  ze ro  and C- eqluals t h e  r c a l c u l a t e d  from t h e  
r o t o r  t h r u s t .  

Y 1 ”T 

Option 3 .  C a l c u l a t i o n  o f  c r u i s e  f u e l . -  T o t a l  h e l i c o p t e r  p a r a -  
s i t e  a r e a  (A ) and r o t o r  t h r u s t  (T)  a r e  i n p u t  a t  a g i v e n  a i r -  
speed .  These a r e  conve r t ed  t o  nondimens iona l  form (C, and CT) 

7T 

P 
by t h e  f o l l o w i n g  e q u a t i o n s :  

T 

Then, X o , B o ,  and ( P . L . )  a r e  v a r i e d  u n t i l  C 
c a l c u l a t e d  v a l u e s  o f  Cp 

p a r a s i t e  power c o e f f i c i e n t  Cp 

lows a t  t h e  end of each  i t e r a t i o n :  

e q u a l s  z e r o  and t h e  Q 
and CT e q u a l  t h e  i n p u t  v a l u e s .  The 

P 
i s  de t e rmined  a s  f o l -  

P c a l c u l a t e d  

- ‘TVf - - m  “P c a l c u l a t e d  

where a ‘  = t a n  -1 (2) 
s i n  ( -a’-us)  ( 3 )  

( 4 1  

* See below f o r  d e r i v a t i o n  o f  e n g i n e  power l e v e l ,  ( P .  
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CH and CT a r e  computed as shown i n  Appendix A. S i n c e  power 
l e v e l  (P.L.) i s  a l s o  de t e rmined  i n  t h e  convergence  p r o c e s s ,  
c r u i s e  f u e l  f low can a lso be found. 

Option 4 .  High speed  des ign  g r o s s  w e i g h t  ( 2 0 0  k n o t s ,  2 g ) . -  
Given An and (P . L . )  f o r  some a i r s p e e d ,  A,., i s  c o n v e r t e d  t o  non- 
d imens iona l  form (Cp ) ,  Then X o  and B o  a r e  v a r i e d  u n t i l  

P i n m t  
C e q u a l s  ze ro  and Cp e q u a l s  Cp . A f t e r  t h e  

f i r s t  i t e r a t i o n ,  A,., i s  r e c a l c u l a t e d  d u r i n g  each  i t e r a t i o n  u s i n g  
t h e  fo l lowing  e m p i r i c a l  e q u a t i o n  ( 6 ) ,  (from Refe rence  6)  where 
t h e  T i s  a v a i l a b l e  from t h e  p r e v i o u s  i t e r a t i o n .  

Q P c a l c u l a t e d  P i n p u t  

A,., = .015 T 2 / 3  

Rotor  Power Ava i l ab le  and Power Level  (P.L.)  

The r o t o r  power a v a i l a b l e  (and power l e v e l ,  (P.L.)  i s  de te rmined  
by c a l c u l a t i n g  t h e  changes i n  p r e s s u r e  and t e m p e r a t u r e  of  t h e  
gas  a s  i t  t r a v e l s  f rom the  eng ine  t o  t h e  n o z z l e s  l o c a t e d  e i t h e r  
i n  t h e  j e t - f l a p  r e g i o n  o r  t h e  b l a d e  t i p .  The v e l o c i t y  i s  found 
from t h e  p r e s s u r e  and t empera tu re  a t  t h e  j e t - f l a p  segment o r  t h e  
t i p  n o z z l e .  The v e l o c i t y ,  t o g e t h e r  w i t h  t h e  mass f low e x i s t i n g  
a t  t h e  f l a p  segment o r  t h e  t i p  n o z z l e ,  p roduces  a p a r t i a l  r o t o r  
d r i v i n g  t o r q u e .  The p a r t i a l  t o r q u e s  a r e  t h e n  i n t e g r a t e d ,  and 
conve r t ed  i n t o  t o t a l  r o t o r  power a v a i l a b l e .  

Because o f  t h e  s p e c i a l i z e d  n a t u r e  o f  t h e  thermodynamic c a l c u l a -  
t i o n s  which de termine  t h e  gas  p r e s s u r e  and t e m p e r a t u r e  changes ,  
a d i s c u s s i o n  i s  p r e s e n t e d  i n  Appendix B g i v i n g  s i g n i f i c a n t  
d e t a i l s  o f  t h e  power a v a i l a b l e  c a l c u l a t i o n .  P a r t i c u l a r  a t t e n t i o n  
i s  g iven  t o  t h e  Mach Number v a r i a t i o n  down t h e  b l a d e ,  because  
Mach Number i s  t h e  most s i g n i f i c a n t  v a r i a b l e  i n  t h e  change o f  
p r e s s u r e  and t empera tu re  o f  t h e  g a s .  The p r o c e s s  d e s c r i b e d  i n  
Appendix B a p p l i e s  t o  a l l  t h e  gas  e n t e r i n g  t h e  b l a d e ,  and as 
f a r  down t h e  b l a d e  as  t h e  j e t - f l a p .  When t h e  gas  i s  b l e d  t o  t h e  
n o z z l e s  of  t h e  j e t - f l a p  segments ,  t h e  b l a d e  d u c t  a r e a  i s  assumed 
t o  be r educed  t o  ma in ta in  t h e  Mach Number of  t h e  on -go ing  gas  a s  
i f  no b l e e d  had  occurred .  This  d u c t  a r e a  r e d u c t i o n  i s  b r o u g h t  
about  by r educ ing  t h e  b lade  aerodynamic t h i c k n e s s  r a t i o  from 
t y p i c a l l y  . 2 0  a t  t h e  inboard  end  of t h e  j e t - f l a p  t o  .15  a t  t h e  
ou tboa rd  end ,  i n  o r d e r  t o  minimize b l a d e  p r o f i l e  l o s s e s .  A f t e r  
t h e  r o t o r  power a v a i l a b l e  i s  de te rmined  by t h e  p r o c e d u r e s  d e s -  
c r i b e d  h e r e  and i n  Appendix B ,  t h e  e n g i n e  power l e v e l  (P.L.)  
d i s c u s s e d  e a r l i e r  i s  found a s  f o l l o w s :  
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Rotor  Power A v a i l a b l e  ( 7 )  
Power Leve l  = (P.L.)  = ~~~~~l ~ ~ t ~ d  power 

T h i s  p a r a m e t e r  ( P . L . )  can have v a l u e s  i n  t h e  r ange  from .3 t o  
about  1 . 4 ,  depending on whe the r  some low c r u i s e  power o r  t a k e o f f  
( m i l i t a r y )  power i s  b e i n g  c o n s i d e r e d .  

I t  s h o u l d  b e  noted  t h a t ,  i n  a l l  o f  t h e  above o p t i o n s  i n v o l v i n g  
forward  s p e e d ,  eng ine  ram d rag  (TDRAG ) i s  c a l c u l a t e d  a s  a func -  

t i o n  of eng ine  power l e v e l  ( P . L . )  by u s e  o f  t h e  f o l l o w i n g  equa-  
t i o n :  

where W a  i s  t o t a l  eng ine  a i r f l o w  ( l b s / s e c ) .  
c o n v e r t e d  t o  an e q u i v a l e n t  f l a t  p l a t e  a r e a  and added t o  t h e  
p a r a s i t e  a r e a ,  A T ,  and i s  used  i n  e q u a t i o n  (1)  each  t i m e  ( P . L . )  
i s  changed. 

T h i s  p a r a m e t e r  i s  

J e t  - F 1 ap A e  r o dyn ami c Char a c  t e r i s t i cs 

The j e t - f l a p  aerodynamic c h a r a c t e r i s t i c s  u s e d  i n  t h i s  s t u d y  a r e  
p r e s e n t e d  i n  Appendix C. These c h a r a c t e r i s t i c s  i n c l u d e  l i f t  
c o e f f i c i e n t  v s  momentum c o e f f i c i e n t ,  s e c t i o n  d r a g  c o e f f i c i e n t ,  
s t a l l  a n g l e  o f  a t t a c k ,  l i m i t  a n g l e  of  a t t a c k ,  and t h i c k n e s s  
e f f ec t s  on d r a g .  

Empty Weight D e t e r m i n a t i o n  

The d i s c u s s i o n  of  d e t e r m i n a t i o n  o f  empty we igh t  i s  p r e s e n t e d  i n  
Appendix D .  E m p i r i c a l l y - d e r i v e d  e q u a t i o n s  a re  p r e s e n t e d  f o r  t h e  
s e v e r a l  empty weight  components f o r  t h e  Heavy L i f t  and f o r  t h e  
h i g h  speed  h e l i c o p t e r s .  

P r o p u l s i o n  System C o n f i g u r a t i o n s  

I t  was p o i n t e d  out  e a r l i e r  t h a t  a c c e p t a b l e  j e t - f l a p  aerodynamic 
per formance  can b e  o b t a i n e d  i n d e p e n d e n t l y  o f  w h e t h e r  o r  n o t  a 
h o t ,  warm, o r  co ld  s u p p l y  o f  b lowing  g a s  i s  u s e d .  I t  does r e -  
q u i r e  a complete  h e l i c o p t e r  p r e l i m i n a r y  d e s i g n  s t u d y  t o  d e t e r -  
mine whe the r  a whole h e l i c o p t e r  i s  a more e f f i c i e n t  d e s i g n  u s i n g  
v a r i o u s  t y p e s  of g a s  s u p p l y .  Because o f  t h e  b r o a d  n a t u r e  o f  t h e  
s t u d y  h e r e ,  and i n  t h e  i n t e r e s t s  of  c o n s i s t e n c y ,  a r e l a t i v e  com- 
p a r i s o n  was made of t h r e e  t y p e s  o f  p r o p u l s i o n  s y s t e m s ,  c a l l e d  
t h e  Warm Cyc le ,  t h e  Hot C y c l e ,  and t h e  Cold Cyc le .  A s c h e m a t i c  
o f  t h e  t h r e e  a l t e r n a t e  sys tems i s  g i v e n  i n  F i g u r e  3 .  
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a)  HOT CYCLE (Turbojet 

LC =bad Comp resso r 

b) WARM CYCLE (Low Bypass Turbofan 

I I '  U r y  

c) COLD CYCLE (Turboshaft Plus b a d  Compressor 

Figure  3. Propulsion Sys tem Configurations 
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Warm C c1e . -  The Warm Cycle eng ine  was t h e  k e y s t o n e  o f  t h e  7-5 s t u  y ,  an i s  e s s e n t i a l l y  a low bypass  t u r b o f a n  e n g i n e  of  h i g h  
compression r a t i o  ( > 2 0 : 1 ) ,  w i t h  coo led  t u r b i n e  b l a d e s .  

Cold C c1e . -  The Cold Cycle sys tem a s  shown i n  F i g u r e  3 c  can be  & s e e n  t o  e e s s e n t i a l l y  a t u r b o s h a f t  c o n v e r s i o n  o f  t h e  Hot Cycle  
gas  g e n e r a t o r  e n g i n e ,  w i t h  a l o a d  compressor  t o  s u p p l y  compressed 
a i r  t o  d r i v e  t h e  r o t o r  and o p e r a t e  t h e  j e t - f l a p .  

Thus,  t h e  compressor p r e s s u r e  r a t i o  can b e  chosen i n d e p e n d e n t l y  
o f  t h e  b a s i c  eng ine  c y c l e ,  and t h u s  ( a s  a l s o  happens w i t h  t h e  
Hot Cycle) t h e  gas can be  made s o  dense  t h a t  t h e  b l a d e  d u c t  r e -  
quirement  ( f o r  t h e  Heavy-Li f t  m i s s i o n )  w i l l  b e  r educed  t o  t h e  
p o i n t  t h a t  conven t iona l  aerodynamic l i m i t s  r a t h e r  t h a n  any t h e r -  
modynamic l i m i t s  w i l l  s e t  t h e  b l a d e  chord .  I n  a d d i t i o n ,  t h e  
Cold Cycle d i s c h a r g e  t empera tu re  i s  lower t h a n  t h a t  o f  t h e  Hot 
Cycle o r  t h e  Warm Cycle ,  making t h e  b l a d e  d e s i g n  problem e a s i e r .  

The gas  c o n d i t i o n s  a s s o c i a t e d  w i t h  t h e  Hot Cycle  i n  T a b l e  1 w i l l  
produce a s h a f t  power s p e c i f i c  f u e l  consumption o f  u n d e r  0 . 4  l b s  
p e r  hour  p e r  s h a f t  horsepower,  and w i l l  a l s o  deve lop  a s p e c i f i c  

~ 

As used h e r e ,  t h e  f a n  and c o r e  gas  s t r e a m s  a r e  c o l l e c t e d  i n  a 
common t a i l p i p e  and p e r m i t t e d  t o  mix a s  r a p i d l y  a s  p o s s i b l e  t o  a 
homogeneous p r e s s u r e  and t e m p e r a t u r e  a s  shown i n  F i g u r e  3b. Mix- 
i n g  l o s s e s  f o r  p r e s s u r e  and t e m p e r a t u r e  were b a s e d  on e n g i n e  
m a n u f a c t u r e r s '  c a l c u l a t i o n s  and t e s t ,  and a l l  Warm Cycle  r o t o r  
per formance  c a l c u l a t i o n s  were based  on complete  mixing.  T a b l e  1 
g i v e s  t h e  p r e s s u r e  r a t i o ,  t e m p e r a t u r e ,  a i r f l o w ,  f u e l  f l o w ,  and 
we igh t  f o r  t h e  r u b b e r i z e d  Warm Cycle eng ine  u s e d  i n  t h i s  s t u d t r .  I 

Hot C c1e . -  In fo rma t ion  was g a t h e r e d  t o  de t e rmine  t h e  n a t u r e  z-8- t e unmixed f a n  and c o r e  g a s  s t r e a m s  o f  c u r r e n t  advanced 
t echno logy  low bypass t u r b o f a n  e n g i n e s ,  a s  w e l l  as t h e  r e s u l t i n g  
mixed s t r e a m  p r o p e r t i e s ,  f o r  a r ange  o f  power s e t t i n g s  from 
M i l i t a r y  r a t i n g  t o  I d l e  power. With t h i s  i n f o r m a t i o n ,  a c a l c u -  
l a t i o n  was made t o  de t e rmine  t h e  amount o f  ene rgy  s u p p l i e d  t o  
t h e  bypass  f a n ,  and t o  c o n v e r t  t h a t  ene rgy  t o  a h i g h e r  p r e s s u r e  
and t e m p e r a t u r e  a s s o c i a t e d  w i t h  a p u r e  t u r b o j e t  ( z e r o  bypass  
r a t i o )  eng ine  of t h e  same o v e r a l l  compression r a t i o ,  t u r b i n e  i n -  
l e t  t e m p e r a t u r e ,  c o r e  a i r f l o w ,  and f u e l  f l ow ( s e e  F i g u r e  3a) 
The " rubbe r i zed"  Hot Cycle e n g i n e  c h a r a c t e r i s t i c s  a r e  g i v e n  i n  
Tab le  1. Because t h e  Hot Cycle eng ine  i s  much s i m p l e r  t h a n  t h e  
Warm Cycle i n  t h a t  i t  has  no t u r b i n e  b l a d i n g  t o  d r i v e  a bypass  
f a n  n o r  any bypass  f a n ,  i t  i s  s u b s t a n t i a l l y  l i g h t e r  t h a n  t h e  
Warm Cycle.  I t  does produce s u b s t a n t i a l l y  h i g h e r  p r e s s u r e  and 
h o t t e r  g a s ,  which a f f e c t s  b l a d e  d e s i g n ;  however,  t h e  s u b s t a n t i a l  
b l a d e  chord r e d u c t i o n  p o s s i b l e  w i t h  t h e  Hot Cycle  system compared 
t o  t h e  lower p r e s s u r e  Warm Cycle makes t h e  Hot Cycle  a v e r y  
a t t r a c t i v e  c a n d i d a t e  system. 

20 



power of  approx ima te ly  1 8 0  s h a f t  horsepower  p e r  pound o f  a i r  p e r  
second. 
s h a f t  eng ine  i s  connec ted  t o  a l o a d  compressor  of t h e  a x i a l  type  
w i t h  a des ign  p o i n t  e f f i c i e n c y  o f  0 . 8 7 5 ,  and a d e s i g n  p r e s s u r e  
r a t i o  of  6 . 5  t o  1. A g e n e r a l i z e d  compressor  map was u s e d ,  t a k e n  
from Reference  7 ,  and p a r t  l o a d  per formance  of  t h e  compressor  
was matched t o  t h e  p a r t  power pe r fo rmance  o f  t h e  e q u i v a l e n t  t u r -  
b o s h a f t  eng ine .  I t  was found t h a t  t h e  l o a d  compressor  w i l l  
d e l i v e r  1 . 2  pounds p e r  second f o r  each  pound p e r  second o f  gas  
g e n e r a t o r  co re  f l o w ;  t h e r e f o r e ,  t h e  Cold Cycle  sys t em used h e r e  
has  a "bypass r a t i o "  o f  1 . 2  t o  1 . 0 .  The d e s i g n  p o i n t  pe r fo rmance  
o f  t h e  r u b b e r i z e d  Cold Cycle  sys t em i s  a l s o  i n  Tab le  1. 

In  t h e  scheme proposed  i n  F i g u r e  3C, t h i s  t y p e  o f  t u r b o -  

Rubber ized  e n g i n e  c h a r a c t e r i s t i c s .  - The f o l l o w i n g  c h a r a c t e r i s -  
t i c s  a r e  a l l  based  on a common c o r e  of f i x e d  o v e r a l l  compress ion  
r a t i o ,  t u r b i n e  i n l e t  t e m p e r a t u r e ,  and a i r  f low.  

TABLE 1 
RUBBERIZED ENGINE CHARACTERISTICS (SEA LEVEL; 59OF) 

W a r m  Hot Cold Cycle 

Reference  Engine A i r  Flow- 250 154 184 
l b / s e c  - W 

a r e f  
Gas p r e s s u r e  r a t i o - P  / 

e 'amb 
3 . 0  4 . 4  6 .4  

Tempera ture  - OF 900 1380 500  

Fue l  Flow - l b / h r  10500 1 0 5 0 0  10500  

Weight - l b .  2300 1 7 0 0  3100 

~~ ~ ~ 

T h i s  t a b l e  shows t h a t  t he  same c o r e  e n g i n e  i s  used  th roughou t  
t h i s  s t u d y ,  because  a l l  t h r e e  eng ine  t y p e s  have t h e  same- fue l  f l o w .  

C r i t e r i a  f o r  Comparison of  C o n f i g u r a t i o n s  

The b a s i c  c r i t e r i o n  f o r  comparison o f  t h e  s e v e r a l  c o n f i g u r a t i o n s  
was chosen t o  be  s p e c i f i c  p r o d u c t i v i t y .  

PAYLOAD X BLOCK SPEED 
PRODUCTIVITY = '; 

(9) 

T h i s  pa rame te r  i s  chosen because  i t  appea r s  t o  r e p r e s e n t  h e l i -  
c o p t e r  c o s t  e f f e c t i v e n e s s  (per formance  vs c o s t )  b e t t e r  t h a n  
o t h e r  c r i t e r i a  such a s  minimum g r o s s  we igh t  f o r  a m i s s i o n .  



( I t  i s  n o t e d  t h a t ,  i n  t h i s  s t u d y  w i t h  an e s s e n t i a l l y  f i x e d  pay-  
load  and f i x e d  b lock  s p e e d ,  h i g h e s t  p r o d u c t i v i t y  i s  o b t a i n e d  
w i t h  t h e  lowes t  empty w e i g h t ) .  

Fue l /pay load*  r a t i o  i s  a f r e q u e n t l y - m e n t i o n e d  o p t i m i z a t i o n  p a r a -  
me te r .  I t  i s  p r e s e n t e d  i n  t h e  T a b l e s  f o r  t h e  i n t e r e s t e d  r e a d e r ,  
and t y p i c a l  f u e l / p a y l o a d  cu rves  a r e  g iven  i n  F i g u r e s  6a and 7a 
f o r  i n f o r m a t i o n  p u r p o s e s .  The j u s t i f i c a t i o n  f o r  u s i n g  produc-  
t i v i t y  f o r  o p t i m i z a t i o n  i s  g i v e n  i n  Appendix E .  

The pu rpose  o f  t h i s  s t u d y  was t o  f i n d  t h e  v e h i c l e  c o n f i g u r a t i o n  
and p r o p u l s i o n  system which gave t h e  b e s t  j e t - f l a p  per formance  
( P r o d u c t i v i t y )  and compare t h a t  v e h i c l e  w i t h  a r e f e r e n c e  n o - j e t -  
f l a p  v e h i c l e .  The t h r e e  j e t - f l a p  p r o p u l s i o n  sys tems d e s c r i b e d  
above were t h e  Hot Cycle ,  Warm Cyc le ,  and Cold Cycle .  The p r o -  
p u l s i o n  sys tem s e l e c t e d  f o r  t h e  r e f e r e n c e  n o - j e t - f l a p  v e h i c l e  
was t h e  Warm Cycle because  p r e l i m i n a r y  work showed t h a t  b e s t  p e r -  
formance ( P r o d u c t i v i t y )  would be o b t a i n e d  w i t h  t h e  Warm Cycle .  
To i l l u s t r a t e ,  t h e  Warm Cycle p r o d u c t i v i t y  ( 4  b l a d e s )  was 108.8** 
and t h e  Hot Cycle p r o d u c t i v i t y  ( 4  b l a d e s )  was 9 6 . 7 ,  about  11% 
lower.  

The t a b l e s  and c h a r t s  below d e s c r i b e  t h e  p r o c e s s  o f  e l i m i n a t i o n  
t o  o b t a i n  t h e  b e s t  c o n f i g u r a t i o n ,  The t a b l e s  and c h a r t s  showing 
t h e  e f f e c t  o f  t h e  p a r a m e t r i c  v a r i a b l e s  a r e  examples t a k e n  from 
d e s i g n s  where comparable d a t a  were a v a i l a b l e  and a r e  n o t  n e c e s -  
s a r i l y  t h e  s e l e c t e d  optimum d e s i g n s .  

Reference Warm Cycle ( N o - J e t - F l a p )  

A b r i e f  s e t  o f  Warm Cycle  - n o - j e t - f l a p  cases were run t o  e s t a -  
b l i s h  r e f e r e n c e  performance a g a i n s t  which t o  measure per formance  
g a i n s  from u s e  o f  t h e  j e t - f l a p .  A f o u r  b l a d e d  r o t o r * * * w i t h  1 5 %  
a i r f o i l  t h i c k n e s s  was u s e d ,  and i n i t i a l l y ,  a d i s k  l o a d i n g  o f  
approx ima te ly  1 0 . 0  pounds p e r  s q u a r e  f o o t  was s o u g h t .  R e s u l t s  
a r e  shown below i n  Table  2 and F i g u r e  4 f o r  t h e  i n f l u e n c e  of  
d u c t  Mach Number. 

* Fue 1 "fue 1 
P a y l o a d  = Payload  

* *  F i g u r e  5 

* * *  See  Appendix F f o r  d i s c u s s i o n  o f  number o f  b l a d e s  f o r  b a s e -  
l i n e  v e h i c l e ,  
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TABLE 2 
WARM CYCLE - NO-JET-FLAP - EFFECT OF DUCT MACH NUMBER (CHORD) 

C - i n .  

R - f t .  

U 

2 Disk L o a d i n g - l b / f t  

% Engine A i r f l o w  - Pair 

Payload  - t o n s  

P r o d u c t i v i t y  

CT/u  * 
** 

Margin-deg a ( l .  0)  (270) 

W - l b  
g 

Fue 1 / P  ay l o a d  

~ ~~ 

.355 

58.0 

61.75 

.0997 

10.09 

.453  

30.09 

107.7 

. l o 7 6  

4.51 

120533 

.2157 

.406 

55.4 

61.60 

.0953 

10 .08  

.463  

30.02 

108 .6  

.1125 

3.94 

120270 

. 2 2 2 4  

.447  

53 .9  

61.75 

.0927 

10 .07  

.474  

29 .91  

108 .6  

.1155 

3 . 5 8  

120328 

.2303 

F i g u r e  4 shows t h a t  i n  t h e  Mach Number range  from . 3 5  t o  . 4 5  
t h a t  t h e  h i g h e s t  p r o d u c t i v i t y  (108.7) i s  o b t a i n e d  a t  a d u c t  Mach 
Number o f  about  . 4 2 .  

A d d i t i o n a l  cases were then  run  a t  a Mach Number o f  . 4 2  f o r  a 
range  of d i s k  l o a d i n g s ,  and t h e  r e s u l t s  are shown i n  T a b l e  3 and 
F i g u r e  5. 

The r o t o r  CT/u i s  approx ima te ly  . 1 1 4 .  

* T a b u l a t e d  CT/u i s  f o r  4000  f e e t ,  95'F. 
m u l t i p l y  by  0.808. 

For  sea l e v e l ,  59'F, 

**  See  Appendix C f o r  d i s c u s s i o n  o f  l i m i t  a n g l e s  o f  a t t a c k  
(margin) .  
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2 4  

DUCT MACH NO. 

Figure 4. Warm Cycle - N o  J e t  F lap  - Effec t  of Duct Mach Number on 
Productivity 



TABLE 3 
WARM CYCLE - NO-JET-FLAP-  EFFECT OF DISK LOADING (BLADE RADIUS) 
Disk Loading - l b / f t 2  9.00 10 .08  1 1 . 0 8  

R - f t  

C - i n  

65.30 61 .75  58.90 

53.6 5 4 . 7  5 5 . 7  

U . 0 8 7 1  .0904 . l o 0 4  

Duct Mach Number . 4 2 4  . 4 2 5  .423  

% Engine Ai r f low - Pair  .449 . 4 6 9  .484 

Payload  - t o n s  30 .03  3 0 . 0 2  29.91 

P r o d u c t i v i t y  

C T / U  

108 .4  108 .7  108 .7  

. l o 9 8  , 1 1 4 0  .1173 

Margin- deg 4.36 3.76 3.27 "(1.0) (270) 

W - l b  120226 120433 120382 
g 

Fue l /Pay load  .2194 .2257 .2319 

F i g u r e  5 shows t h a t ,  i n  t h e  d i s k  l o a d i n g  r ange  from 9 t o  11 
pounds p e r  s q u a r e  f o o t ,  t h e  h i g h e s t  p r o d u c t i v i t y  i s  108 .8 ,  a t  a 
d i s k  l o a d i n g  o f  1 0 . 3  pounds p e r  s q u a r e  f o o t ,  w i t h  CT/o = .115.  

P r o d u c t i v i t y  = 

f l a p  v a l u e .  F u e l / p a y l o a d  i s  .23.  

PL x VB 
= 108.8  i s  t a k e n  as t h e  r e f e r e n c e  n o - j e t -  EW 

Hot Cycle P r o p u l s i o n  System 

A s  was ment ioned  e a r l i e r ,  t h e  Hot Cycle  p r o p u l s i o n  sys t em w a s  
found ( i n  s c r e e n i n g  c a l c u l a t i o n s )  t o  g i v e  t h e  h i g h e s t  p e r f o r -  
mance. T h e r e f o r e ,  t h e  b r o a d e s t  s t u d y  of  j e t - f l a p  p a r a m e t e r s  was 
a p p l i e d  t o  t h e  Hot Cycle ,  w i t h  r e s u l t s  n o t e d  below. 
a b l e s  a r e  d i s c u s s e d  i n  t h e  o r d e r  of  t h e i r  g e n e r a l  i m p o r t a n c e ,  
r a t h e r  t h a n  t h e  o r d e r  i n  which t h e y  a c t u a l l y  were s t u d i e d .  Re la -  
t i v e  e n g i n e  s i z e  ( %  e n g i n e  a i r f l o w  ) was v a r i e d  t o  m a i n t a i n  
approx ima te ly  30 t o n s  pay load  o v e r  t h e  r ange  o f  t h e  v a r i a b l e  of  
i n t e r e s t .  

The v a r i -  
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8 9 10 

DISK LOADING = LB/FT* 

Figure 5. W a r m  Cycle - N o  J e t  Flap - Effect of Disk  Loading on Product ivi ty  

26 



Effec t  o f  d u c t  Mach Number (Chord) . -  
t h e  e f f e c t  o f  d u c t  Mach Number on P r o d u c t i v i t y .  The b a s e l i n e  

Tab le  4 and F i g u r e  6 show 

p a r a m e t e r s  were : 

a.  Disk l o a d i n g  = 9 .0  l b / f t  2 

F l a p  d e f l e c t i o n  = 40' ( h o v e r ) ,  20' 2 2 0  0 s i n  Y 

b .  Gas f l o w  s p l i t  = 3 0 %  f l a p / 7 0 %  n o z z l e  
c. F l a p  l e n g t h / r a d i u s  = 0.275 (.7R - .975R) 
d. 

( c r u i s e )  
e .  No. of b l a d e s  = 3 

f .  Blade  t h i c k n e s s  r a t i o  = . 2 0  

g. Blade t i p  speed ,  f t / s e c  = 700 

TABLE 4 
HOT CYCLE - EFFECT OF DUCT MACH NUMBER (CHORD) 

Duct Mach Number .306 .383  .428 .463  

C - i n .  44.0 40.3 38.9 37.8 

R - f t .  63.0 63.0 63.0 63.0 

.OS56 .os09  .0491 .0477 U 

Disk Loading - lb/ f t 9.02 9.00 9.02 8 .95  

% Engine Airf low-Pair  .461  .467 .477 .479 

30.19 29.80 Pay load  - t o n s  30.14 30.17 

P r o d u c t i v i t y  127.4 129.9 130.4 129.8 

C p  .1724 .1880 .1953 .1994 

a(l.  O(270) Margin-deg 

W - lb 
8 

1.20 - .09 - .go -1.36 

111828 112206 111290 112116 

Fue l /Pay load  .2081 .2128 .2198 . 2 2 5 7  
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Figure  6. Hot Cycle Jet F lap  - Effect of Duct Mach Number on Product ivi ty  
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Disk Loading = 9 lb/ft2 

'FI ap/'Nozzle * 0.3/0.7 
Flap Length/R = 0.275 
Avg Flap Deflection = ZU"(Cruise) 
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0.24 

0. 22, 

0. 20 

FUEL 
PAY LOAD 

DUCT MACH NO. 

- Flap Length/R = 0.275 
Avg Flap Deflection = 2Oo(Cruise) 

Figure 6a. Hot Cycle Jet F lap  - Effect of Duct Mach Number on Fue l /  
Payload Ratio 
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F i g u r e  6 shows t h a t  i n  t h e  Mach Number r a n g e  from .306  t o  . 463  
t h e  h i g h e s t  p r o d u c t i v i t y  (130.4)  i s  o b t a i n e d  a t  a d u c t  Mach Num- 
b e r  = .428 .  Table  4 shows t h a t  CT/o f o r  t h i s  c o n f i g u r a t i o n  i s  
, 1 9 5 ,  which i s  rough ly  70% h i g h e r  t h a n  t h a t  o b t a i n e d  f o r  t h e  
r e f e r e n c e  Warm Cycle .  A t  the  same t i m e ,  p r o d u c t i v i t y  i s  130 .4 /  
108 .8  o r  2 0 %  h i g h e r .  The b l a d e  t i p  a n g l e  o f  a t t a c k  marg in  i s  
- . 9  d e g r e e s ,  which i s  lower t h a n  t h e  a l l o w a b l e  o f  - 1 . 5 0  d e g r e e s .  
I t  i s  a l s o  s e e n  t h a t  t h e  h i g h e s t  d u c t  Mach Number = . 463  w i l l  
a l l o w  a f u r t h e r  i n c r e a s e  o f  CT/a t o  . 1 9 9 ,  b u t  o n l y  a t  t h e  expense  
o f  a lower  p r o d u c t i v i t y  and a t i p  a n g l e  c l o s e r  t o  t h e  l i m i t  v a l u e .  

E f f e c t  o f  d i s k  l o a d i n g  ( r a d i u s ) . -  T a b l e  5 and  F i g u r e  7 show t h e  
e f f e c t  o f  d i s k  l o a d i n g  on P r o d u c t i v i t y .  The b a s e l i n e  parameters 
were t h e  same as  f o r  t h e  d u c t  Mach Number r ev iew above-, e x c e p t  
d u c t  Mach Number was h e l d  e s s e n t i a l l y  c o n s t a n t  a t  . 428  and d i s k  
l o a d i n g  was v a r i e d .  

TABLE 5 
HOT CYCLE - EFFECT OF DISK LOADING (RADIUS) 

7.05 8.07 9 .02  10 .06  2 Disk L o a d i n g - l b / f t  

R - f t  

C - i n  

70.70 66.10 63 .08  59.50 

3 7 . 1  37 .9  38.9 39 .6  

U .0418 ,0456 . 0 4 9 1  .OS29 

Duct Mach Number . 4 2 3  .426 . 4 2 8  . 4 2 7  

% Engine Ai r f low-Pa i r  .432 .452 .478  .494  

30.19 29 .71  P a y l o a d  - t o n s  29.93 29. 86 

P r o d u c t i v i t y  129 .7  1 3 0 . 1  130 .4  129 .0  

C T / U  .1794 .1882 .1953 . 2 0 2 1  

Margin-deg '(1.0) (270) . 9 3  . 0 3  - .  90 -1 .92  

W - l b  110499 110552 112206 111566 

Fue 1/ P ay l o  ad  .2046 . 2 1 1 2  . 2198  . 2 3 2 0  

g 

3'0 
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D IS K LOAD ING - LB/FT' 
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Duct Mach No. = 0.42 

w P  Flap Nozzle 
Flap Length/R = 0.275 
Avg Flap Deflection = 20' (Cruise) 

a 0.3/0.7 

- 

Figure  7. Hot Cycle Jet Flap - Effect of Disk Loading on Productivity 
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Duct Mach No. = 0.42 
= o03/0.  7 0.26- Flap Iw Nozzle 

0.24 - Avg Flap Deflection = 20" (Cruise) 
Flap Length /R = 0.275 

FUEL 
PAYLOAD oo22 

00 20 

I 

10 II 

= o03/0.  7 0.26- Flap Iw Nozzle 

0.24 - Avg Flap Deflection = 20" (Cruise) 
Flap Length /R = 0.275 

FUEL 
PAYLOAD oo22 

00 20 
7 8 9 10 II 

Disk Loading - L B / d  

Figure  7a. Hot Cycle J e t  F l ap  - Effect of Disk Loading on Fuel /Payload  
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F i g u r e  7 shows t h a t  i n  t h e  d i s k  l o a d i n g  r ange  from 7 t o  1 0  
pounds p e r  s q u a r e  f o o t ,  t he  h i g h e s t  p r o d u c t i v i t y  i s  o b t a i n e d  a t  
a d i s k  l o a d i n g  of  9 . 0  pounds p e r  s q u a r e  f o o t .  T a b l e  5 a g a i n  
shows t h a t  CT/u  = . 195 ,  and D r o d u c t i v i t y  i s  1 3 0 . 4 ,  as n o t e d  
above f o r  Mach Number v a r i a t i o n .  I t  i s  a l s o  s e e n  t h a t  a d i s k  
l o a d i n g  o f  1 0  pounds p e r  s q u a r e  f o o t  would p roduce  a CT/a = . 2 0 2 ,  
b u t  t h e  b l a d e  t i p  a n g l e  of a t t a c k  w i l l  exceed  t h e  a l l o w a b l e  l i m i t  
o f  - 1 . 5 0  deg rees .marg in .  

Ef fec t  o f  gas  s p l i t . -  Table  6 shows t h e  e f f e c t  on p r o d u c t i v i t y  
o f  g a s  s p l i t  between t h e  j e t - f l a p  and t h e  t i p  n o z z l e .  The b a s e -  
l i n e  p a r a m e t e r s  are  s i m i l a r  t o  t h o s e  f o r  d u c t  ?lach Number, e x c e p t  
d u c t  Mach Number of  approx ima te ly  . 3 8  was u s e d ,  and g a s  s p l i t  t o  
t h e  f l a p  and n o z z l e  was v a r i e d .  

T?&BLE 6 
HOT CYCLE - EFFECT OF GAS SPLIT 

Gas s p l i t ,  f l a p / n o z z l e  
R - f t  
C - i n  
a 

Duct Mach Number 
Disk Loading - l b / f  t2  
% Engine Airf low-Pair  
Pay load  - t o n s  
P r o d u c t i v i t y  

C T / O  

Margin-deg a ( l .  0)  (270) 

W - l b  
g 

Fue l /Pay load  

. 3 / . 7  
62.96 
40.5 
.0509 
.383 
9.00 
.469 
30.17 
129.9 
.1880 

-. 09 

111828 
.2128 

.35 / .65  . 4 / . 6  
63.36 63.60 
40.3 40.7 
.0509 .0509 
.383  .383  
8.93 8.84 
.475 .478 
30.30 30.13 
129 .7  128.7 
.1865 .1847 

. 7 2  1 .50  

112350 112110 
. 2 1 2 7  .2144 

1. o / o  
64.50 
46.9 
.0563 
.377 
9.10 
.627 
30.17 
117 .4  
.1673 

7 . 9 7  

118544 
.2590 

Table  6 shows, i n  t h e  range  o f  gas  s p l i t  t o  t h e  f l a p / n o z z l e  v a r y -  
i n e  from . 3 / . 7  t o  1 . 0 / 0 ,  t h a t  a . 3 / . 7  v a l u e  g i v e s  the h i g h e s t  
p r o d u c t i v i t y  (129 .9 ) .  Any lower  f l o w ,  such  as 25% - 20% t o  t h e  
f l a p ,  w i l l  g i v e  e s s e n t i a l l y  t h e  same p r o d u c t i v i t y ,  a t  t he  expense  
o f  more n e g a t i v e  b l a d e  a n g l e s  o f  a t t a c k .  T h e r e f o r e ,  t h e  v a l u e  
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of  gas s p l i t ,  f l a p / n o z z l e ,  = . 3 / . 7  was used  i n  t h e  p r e c e d i n g  two 
p a r a m e t e r  s t u d i e s .  
crease i n  f low t o  t h e  f l a p .  

E f f e c t  o f  f l a p  l e n g t h / r a d i u s . -  Tab le  7 shows t h e  e f f e c t  o f  j e t -  
f l a p  l e n g t h / R  on P r o d u c t i v i t y .  The b a s e l i n e  p a r a m e t e r s  a r e  s i m -  
i l a r  t o  t h o s e  f o r  d u c t  Mach Number, e x c e p t  t h a t  a Mach Number o f  
. 3 8 ,  and a g a s  s p l i t  o f  . 3 5 / . 6 5  were used .  

CT/u a l s o  d e c r e a s e s  s t e a d i l y  w i t h  any i n -  

~ 

TASLE 7 

J e t - f l a p  l eng th /R  

C - i n  
R - f t  

a 
Duct Mach Number 

Disk L o a d i n g - l b / f t  
% Engine Air f low-Pai r  
Pay load  - t ons  
P r odu c t  i v i  t y 

2 

C T / U  

Margin- deg '(1.0) (270) 

I W - l b  
g 

Fue 1/ P ay 1 o a d  

. 2 2 5  .275 .325 
63.30 63.40 63 .28  
4 0 . 5  40.5 4 0 . 5  
.OS09 .os09  .os09  
.383  .383  .384  
8.92 8 .93  8.92 
.473  .475  . 4 7 4  
30 .13  30.30 30.17 
1 2 9 . 3  129 .7  129 .4  
.1863 .1865 .1864 

. 5 4  . 7 2  . 82 

111871 112350 111993 
.2131 . 2 1 2 7  .2133 

T a b l e  7 shows t h a t  i n  t h e  range  o f  j e t - f l a p  l e n g t h / R  from 
.225  - .325 t h a t  a f l a p  l e n g t h  o f  .275  gave t h e  h i g h e s t  p r o -  
d u c t i v i t y  (129.7)  by a s l i g h t  margin .  F u r t h e r ,  (C,/U) i s  
h i g h e s t  a t  a f l a p  l eng th /R  = . 2 7 5 .  T h e r e f o r e ,  a f l a p  l e n g t h / R  
= . 2 7 5  was used  i n  t h e  p r e c e d i n g  t h r e e  p a r a m e t e r  s t u d i e s .  

E f fec t  o f  f l a  d e f l e c t i o n - c r u i s e  and h o v e r . -  T a b l e  8 shows 
t h e  e f f e c t  on +- P r o  u c t i v i t y  o f  j e t - f l a p  d e f l e c t i o n  i n  c r u i s e .  
The b a s e l i n e  p a r a m e t e r s  were: 
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a. Disk l o a d i n g  = 8 . 1  l b / f t 2  
b .  Gas f low s p l i t  = 30% f l a p ,  70% n o z z l e  
c. Duct Mach Number = . 4 2  
d. F lap  l e n g t h / r a d i u s  = .275  (.7R - .975R) 
e.  No. o f  b l a d e s  = 3 

f .  Blade t h i c k n e s s  r a t i o  = . 2 0  

g. Blade t i p  speed ,  f t / s e c  = 700 

I n  Tab le  8 ,  t h e  h o v e r  f l a p  d e f l e c t i o n  was a r b i t r a r i l y  f i x e d  a t  
t h e  maximum v a l u e  used  i n  c r u i s e .  

TABLE 8 
HOT CYCLE - EFFECT OF FLAP DEFLECTION (CRUISE) 

C r u i s e  f l a p  d e f l e c t i o n -  15-15  s i n "  2 0 - 2 0  s inY 2 5 - 2 5  s inY 
degrees  

Hover f l a p  d e f l e c t i o n -  30 
d e g r e e s  

40 50 

66.10 66.10 66.50 R - f t  

C - i n  

0 

37.9 37.9 38 .1  

. 0456  .0456 .0456 

Duct Mach Number .426 .426 .426 

Disk Loading - l b / f t  8.12 8.07 7.98 

.453  .453  .458 ' a i r  % Engine A i r f l o w  - 

29.98 29.86 29.78 Pay load  - t o n s  

P r o d u c t i v i t y  

C T / O  

Margin-deg a ( l .  0 )  (270) 

130.2 130.1 129 .1  

.1892 .1882 .1861 

.88  . 0 3  -2.60 

W - l b  111150 110552 110657 g 

Fue l /Pay load  . 2 1 4 4  . 2 1 1 2  . 2 1 3 4  
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T a b l e  8 shows t h a t ,  i n  t h e  r ange  o f  c r u i s e  f l a p  d e f l e c t i o n  o f  
30' t o  50' (maximum), h i g h e s t  r e l a t i v e  p r o d u c t i v i t y  (130 .2)  i s  
found a t  a f l a p  d e f l e c t i o n  of 15' - 15' s in '? .  
p r o d u c t i v i t y  r e s u l t  i s  o n l y  v e r y  s l i g h t l y  b e t t e r  (130 .2)  t h a n  
t h e  v a l u e  (130.1) o b t a i n e d  w i t h  20' - 20' s i n "  d e f l e c t i o n ,  which 
was used  i n  t h e  f o u r  p reced ing  pa rame te r  s t u d i e s .  T h e r e f o r e ,  i t  
i s  concluded  t h a t  t h e  o r i g i n a l l y  de t e rmined  v a l u e s  o f  b e s t  d u c t  
Mach Number, disk l o a d i n g ,  g a s  s p l i t ,  and f l a p  l e n g t h  can b e  
a c c e p t e d  based  on The c r u i s e  f l a p  d e f l e c t i o n  a n g l e  o f  20' - 20' 
s i n "  w i t h  which t h e y  were de t e rmined .  I n  a d d i t i o n ,  (CT/o) a t  
20"  - 20' s i n "  i s  e s s e n t i a l l y  t h e  same as a t  15' - 15' s in" .  

T a b l e  9 shows t h e  e f f e c t  on P r o d u c t i v i t y  o f  j e t - f l a p  d e f l e c t i o n  
i n  h o v e r .  The b a s e l i n e  pa rame te r s  were t h e  same as t h o s e  f o r  
f l a p  d e f l e c t i o n  i n  c r u i s e ,  e x c e p t  t h a t  c r u i s e  f l a p  d e f l e c t i o n  
was h e l d  c o n s t a n t  a t  20' - 20' s i n" .  

However, t h i s  

~~ 

TABLE 9 
HOT CYCLE - EFFECT OF FLAP DEFLECTION (HOVER) 

Hover f l a p  d e f l e c t i o n -  

C r u i s e  f l a p  d e f l e c t i o n -  
d e g r e e s  

d e g r e e s  

R - f t  
C - i n  
o 

Duct Mach Numbe r 
Disk L o a d i n g - l b / f t  
% Engine Ai r f low-p  
Payload  - tons  
P r o d u c t i v i t y  

2 

a i r  

CT/U 

Margin- deg '(1.0) (270) 

Fuel /Payload  
W - l b  

g 

30 

2 0 - 2 0  s i n "  

66 .1  
37.9 
.0456 
.426 
8.12 
. 4 5 3  
30.10 
130 .8  
.1892 

- .  09 

1 1 1 1 5 0  
. 2 1 0 0  

40 50 

2 0 - 2 0  s i n  \y 20-20 s in ' ?  

6 6 . 1  
37.9 
.0456 
.426  
8.07 
, 4 5 3  
29. 86 
1 3 0 . 1  

, 1882  

66 .5  
38. 3 
.0458 
. 4 2 1  
7.99 
.458  
29.88 
129 .4  
.1855 

. 0 3  . 3 1  

110552 110820 
. 2 1 1 2  . 2 1 1 1  
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Tab le  9 shows t h a t  h i g h e s t  r e l a t i v e  P r o d u c t i v i t y  (130.8)  was 
found a t  a h o v e r  f l a p  d e f l e c t i o n  o f  30°, which i s  abou t  0 . 5 %  
b e t t e r  t h a n  t h a t  (130.1)  a s s o c i a t e d  w i t h  a hove r  f l a p  d e f l e c t i o n  
o f  40°, t h e  v a l u e  u s e d  i n  t h e  i n i t i a l  f o u r  h o t  c y c l e  p a r a m e t e r  
s t u d i e s .  I t  i s  concluded t h a t  a h o v e r  f l a p  d e f l e c t i o n  o f  30' i s  
b e s t ,  and t h a t  b e s t  v a l u e s  of d u c t  Mach Number, g a s  s p l i t ,  and 
f l a p  l eng th /R  de te rmined  on t h e  b a s i s  o f  a c r u i s e  f l a p  d e f l e c -  
t i o n  o f  20' - 20' s inY a r e  a c c e p t a b l e .  A d j u s t i n g  f o r  a d i s k  
l o a d i n g  of  9 pounds p e r  s q u a r e  f o o t  i n s t e a d  o f  8 pounds p e r  
s q u a r e  f o o t ,  p r o d u c t i v i t y  f o r  b e s t  h o v e r  f l a p  a n g l e  becomes 131.0  
(from Table  5 and T a b l e  9) .  

T h i s  v a l u e  o f  P r o d u c t i v i t y  w i l l  b e  t a k e n  as t h e  optimum f o r  t h e  
Hot Cycle Heavy-L i f t  H e l i c o p t e r .  I t  i s  131 .0 /108 .8 ,  o r  2 1 %  
h i g h e r  t h a n  t h e  r e f e r e n c e  Warm Cyc le ,  n o - j e t - f l a p  v a l u e .  The 
a s s o c i a t e d  CT/u b a s e d  on T a b l e s  5 and 9, i s  .196 .  

i s  . 2 2  ( i n t e r p o l a t e d ) .  
Fue l /Pay load  

E f f e c t  o f  b l a d e  t h i c k n e s s  r a t i o . -  Tab le  1 0  shows t h e  e f f e c t  on 
P r o d u c t i v i t y  o f  a change i n  t h e  b l a d e  t h i c k n e s s  r a t i o  from a 
b a s e l i n e  v a l u e  o f  . 20  t o  . 2 2 .  All o t h e r  p a r a m e t e r s  a r e  s imi la r  
t o  t h o s e  i n  i t e m  1 ( d u c t  Mach Number), e x c e p t  t h e  b a s e l i n e  d i s k  
l o a d i n g  was changed t o  9 pounds p e r  s q u a r e  f o o t .  

TAGLG 10 
HOT CYCLE - EFFECT OF BLADE THICKNESS RATIO 

Th ickness  R a t i o  
R - f t  
C - i n  
U 

Duct Mach Number 
Disk Loading - l b / f t 2  
% Engine A i r f l o w - p  a i r  
Payload  - t o n s  
P r o d u c t i v i t v  

C T / O  

a ( l . O )  (270)  Margin- deg 

iJ - 15 
Fue 1 /Pay 1 o ad 

g 

. 2 0  
62 .96  

40.3 

. 0 5 0 9  

. 3 8 3  

9 .00  

. 4 6 9  

30 .17  

129.9 

.1880  

- .09  

111828  

. 2 1 2 8  

.22  
62 .80  

38 .4  

. 0 4 8 7  

. 3 8 0  

8.99 

.466 

29.95 

130.7  

.1963  

-1 .03  

111129  

.2177  
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Tab le  1 0  shows t h a t  t h e  added 1 0 %  t h i c k n e s s  p roduces  about  a 
0 . 6 %  i n c r e a s e  i n  P r o d u c t i v i t y ,  b a s e d  on aerodynamic and p r o p u l -  
s i o n  c o n s i d e r a t i o n s  o n l y .  However, t h e  added t h i c k n e s s  w i l l  
r a i s e  t h e  b l a d e  n a t u r a l  f r e q u e n c y ,  p o s s i b l y  l e a d i n g  t o  e x c e s s i v e  
s t resses .  For  t h i s  r e a s o n ,  and because  o f  t h e  s m a l l  e f f e c t  o f  
i n c r e a s e d  t h i c k n e s s  on p r o d u c t i v i t y ,  t h i c k n e s s  r a t i o  was r e t a i n e d  
a t  . 2 0 .  

E f f e c t  of  change o f  b l a d e  camber.-  A rev iew was made o f  t h e  
a n g l e  o f  a t t a c k  d i s t r i b u t i o n  down t h e  b l a d e ,  and i t  became c l e a r  
t h a t ,  a l t h o u g h  t h e  b l a d e  i n  t h e  r e g i o n  o f  t h e  j e t - f l a p  was heav-  
i l y  l o a d e d ,  t h e  b l a d e  i n b o a r d  o f  t h e  j e t - f l a p  was n o t  c a r r y i n g  
u4 g =  m i l c h  1 1 . U I . I  l n a d  &"I1 as seemed r e a s o n a b l e ,  T h e r e f o r e ,  a change i n  b l a d e  
camber i n b o a r d  of t h e  j e t - f l a p  was s i m u l a t e d  by imposing an 
e q u i v a l e n t  i n c r e a s e  o f  b l a d e  p i t c h  a n g l e .  

p r o d u c t i v i t y .  T h e r e f o r e ,  t h i s  v a l u e  was used  t h r o u g h o u t  t h e  
e n t i r e  s t u d y .  

Both OCAb4 = 3' and 
= 4' were t r i e d ,  and t h e  OcAM = 4' v a l u e  gave a 4% h i g h e r  %AM 

E f f e c t  o f  f l a p  p i t c h  d i s t r i b u t i o n . -  The j e t - f l a p  u s e d  h e r e  was 
assumed t o  b e  broken i n t o  f o u r  segments o f  e q u a l  l e n g t h ,  e a c h  
hav ing  t h e  same p i t c h  s e t t i n g  a t  t h e  same time. As d i s c u s s e d  i n  
Appendix A ,  t h e  computer program was assembled w i t h  t h e  c a p a b i l -  
i t y  o f  v a r y i n g  t h e  p i t c h  o f  t h e  i n d i v i d u a l  f l a p  segments .  
f e a t u r e  was n o t  used  i n  t h i s  i n i t i a l  s t u d y ,  and c o u l d  be i n -  
c luded  i n  any f u t u r e  s t u d y  o f  t h e  j e t - f l a p  h e l i c o p t e r .  

T h i s  

Warm Cycle  P r o p u l s i o n  System 

A b r i e f  s e t  o f  Warm Cycle  c a s e s  w i t h  a j e t - f l a p  was run  t o  e s t a -  
b l i s h  p o s s i b l e  performance w i t h  t h i s  t y p e  o f  p r o p u l s i o n  sys tem.  
The r e s u l t s  a r e  shown i n  Tab le  11 and F i g u r e  8 .  As ment ioned  
e a r l i e r ,  p r e l i m i n a r y  c a l c u l a t i o n s  were made which e s t a b l i s h e d  
t h a t  h i g h e s t  p r o d u c t i v i t y  can be o b t a i n e d  w i t h  t h e  Hot Cycle .  
The Hot Cycle was used  t o  f i n d  t h e  s e n s i t i v i t y  o f  t h e  s e v e r a l  
j e t - f l a p  pa rame te r s  d i s c u s s e d  above. Using t h o s e  s t u d i e s  a s  a 
g u i d e ,  t h e  b a s e l i n e  p a r a m e t e r s  f o r  t h e  Warm Cycle  s t u d y  were a s  
f 0 l l ows  : 

2 a .  D i s k  l o a d i n g  = 1 0  l b / f t  
b .  Gas f low s p l i t  = 3 0 %  f l a p / 7 0 %  n o z z l e  
c. F lap  l e n g t h / r a d i u s  = . 2 7 5  (.7R-.975R) 
d. No. o f  b l a d e s  = 3 
e .  Blade t h i c k n e s s  r a t i o  = . 2 0  
f .  Blade t i p  s p e e d ,  f t / s e c  = 700 
g. F l ap  d e f l e c t i o n  a n g l e  (hove r )  40' 
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Flap  d e f l e c t i o n  a n g l e  i n  c r u i s e  was 10' - 10' s in '? ,  which i s  
lower t h a n  used  p r e v i o u s l y .  T h i s  r e s u l t s  from t h e  f a c t  t h a t  t h e  
i n t e r n a l  thermndvnamics of t h e  War? Cycle r e q u i r e s  a s o l i d i t y  
t h a t  i s  h i g h e r  t h a n  t h a t  o f  t h e  Hot Cycle. As a r e s u l t ,  l ess  
h e l p  i s  needed from t h e  j e t - f l a p  t o  o b t a i n  e q u i l i b r i u m  a b o u t  t h e  
f l a p p i n g  h i n g e .  Consequent ly ,  less f l a p  d e f l e c t i o n  is  r e q u i r e d  
t o  o b t a i n  t h e  l i m i t i n g  C T / u .  

TACLL 11 
WARM CYCLE - EFFECT OF DUCT MACH NUMBER (CHORD) 

Duct Mach Number 
C - i n  
R - f t  
0 

2 Disk Loading - l b / f t  
% Engine A i r f l o w  -Pai r  
Pay load  - t o n s  
P r o d u c t i v i t y  

C T / O  

Margin-deg a ( l . O )  (270) 
W - l b  

g 
Fu e 1 /P  ay l o  ad 

.408 
54.4 
60.60 
.0715 
10 .04  
.449 
29.87 
118.2 
.1492 

3.36 

115486 
.2124 

.453  
52.8 
60.60 
.0693 
10.09 
.458  
30.04 
119.2 
.1547 

2 .94  

116078 
.2170 

.498 
51 .4  
60.75 
.OS82 
10 .05  
.466 
29.97 
119.2 
.1587 

2.64 

116198 
. 2 2 3 1  

F i g u r e  8 shows t h a t ,  i n  t h e  Mach Number r ange  from . 4  t o  . 5 ,  
h i o h e c t  nrnr l i i c t iv i tv  [11.9.51 i s  obtained. at a d i i c t  Mach N i i m h e r  
=.475.  
f i g u r a t i o n  is  .157 ,  which i s  r o u g h l y  37% h i g h e r  t h a n  t h a t  o b t a i n -  
e d  f o r  t h e  r e f e r e n c e  Warm Cycle  - n o - j e t - f l a p  c o n f i g u r a t i o n .  
P r o d u c t i v i t y  i s  119.5/108.8 o r  1 0 %  h i g h e r  w i t h  t h e  j e t - f l a p .  
I n t e r p o l a t e d  f u e l / p a y l o a d  i s  . 2 2 .  

I n t e r p o l a t i o n  i n  T a b l e  11 shows t h a t  CT/a f o r  t h i s  con- 

A f e w  Warm Cycle  j e t - f l a p  cases were run  w i t h  two b l a d e s ,  a t  a 
d i s k  l o a d i n g  o f  10 pounds p e r  s q u a r e  f o o t .  P r o d u c t i v i t y  was 
found t o  b e  129 .4  a t  a d u c t  Mach Number = .450 w i t h  CT/u = .1904. 
(Fue l /Pay load  was .2138) Obvious ly ,  go ing  t o  two b l a d e s  w i l l  
p e r m i t  a lower s o l i d i t y  and g i v e  h i g h e r  per formance .  
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U O L  Disk Loading = 10 lb/ft2 

I Flap Length/R = 0.275 
Avg Flap Deflection = 10" (Cruise) 

120 

110 - 
0.35 0.40 0. 45 0.50 

DUCT MACH NO. 

Figure  8. Warm Cycle Je t  Flap - Effect of Duct Mach Number on 
Productivity 



T h i s  Warm Cycle performance w i t h  two b l a d e s  approaches  t h a t  o f  
t h e  Hot Cycle .  However, two-b lade  r o t o r s  i n t r o d u c e  dynamic p r o b -  
lems n o t  p r e s e n t  w i t h  3-  o r  4 -  b l a d e d  r o t o r s .  Consequen t ly ,  t h e  
Warm Cycle  j e t - f l a p  c a s e  w i l l  b e  d i s c u s s e d  r e l a t i v e  t o  3 b l a d e s .  

Cold Cycle P r o p u l s i o n  System 

C a l c u l a t i o n s  which were made of t h e  per formance  o f  t h e  Cold 
Cycle  p r o p u l s i o n  sys tem showed t h a t  a l t h o u g h  t h e  h i g h l y  com- 
p r e s s e d  a i r  p e r m i t t e d  an a e r o d y n a m i c a l l y -  l i m i t e d ,  l i g h t w e i g h t ,  
low s o l i d i t y  r o t o r ,  t h e  added e n g i n e  w e i g h t  and f u e l  w e i g h t  
a s s o c i a t e d  w i t h  t h i s  t ype  o f  p r o p u l s i o n  r e s u l t e d  i n  l i m i t i n g  t h e  
P r o d u c t i v i t y .  The b a s e l i n e  p a r a m e t e r s  were t h e  same as f o r  t h e  
Warm Cycle  w i t h  j e t - f l a p ,  e x c e p t  j e t - f l a p  d e f l e c t i o n  i n  c r u i s e  
was r e t u r n e d  t o  20' - 20' s i n " .  R e s u l t s  a r e  as f o l l o w s :  

T A 3 U  1 2  

COLD CYCLE 

Duct Mach Number .260 
C - i n  
R - f t  
U 

2 Disk Loading - l b / f t  
% Engine A i r f l o w  -Pai r  
Payload  - t o n s  

4 1 . 0  
61.60 
, 0 5 3  
1 0 . 1 7  
.601  
30.34 

P r odu c t i v  i t y 120.6  

C T / O  .2039 

Margin- deg a ( l .  0 )  (270) 

W m  - l b  
FGe 1 /Payload  

- 1 . 4 7  

120855 
.2658 

T a b l e  1 2  shows t h a t  t h e  Cold Cycle  i s  ae rodynamica l ly  l i m i t e d ,  
w i t h  no  thermodynamic c o n s t r a i n t s .  The d u c t  Mach Number o f  .260 
i s  t h e  l o w e s t  o f  any examined, t h e  CT/a = . 2 0 4  i s  t h e  h i g h e s t ,  
and t h e  b l a d e  t i p  a n g l e  i s  e s s e n t i a l l y  a t  t h e  l i m i t  marg in  of 
-1 .50  d e g r e e s .  
Hot Cycle  s y s t e m s ,  and is s l i g h t l y  h i g h e r  t h a n  t h a t  o f  t h e  Warm 
Cycle .  

The p r o d u c t i v i t y  120 .6  i s  lower t h a n  t h a t  o f  t h e  
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Comp a r  i s  on o f  P r o p u l s i o n  Systems 

The f o l l o w i n g  t a b l e  p r e s e n t s  t h e  b e s t  i n t e r p o l a t e d  c o n f i g u r a t i o n  
o f  t h e  s e v e r a l  p r o p u l s i o n  s y s t e m s ,  i n  o r d e r  t o  p r o v i d e  a r a p i d  
e v a l u a t i o n  o f  the  u t i l i t y  o f  t h e  j e t - f l a p .  

TABLE 1 3  

COMPARISON OF PROPULSION SYSTEMS 

P r o p u l s i o n  Type Warm Hot Warm Cold 

J e t  - F 1 ap No Yes Yes Yes 

P r o d u c t i v i t y  108 .8  131.0 119 .5  1 2 0 . 6  

Cirri e Cycle Cycle Cycle  I L A  

C T / U  .115 . 1 9 6  .157 . 2 0 4  

D i s k  L o a d i n g - l b / f t 2  1 0 . 1  9 . 0  1 0 . 1  1 0 . 2  
Duct Mach Number . 4 2  . 4 3  . 4 7  .26 

Fue l /Pay load  . 2 3  . 2 2  . 2 2  . 2 7  

TaSle 13  shows t h a t  t h e  !!ot Cycle p r o p u l s i o n  sys t em o-cFers t h e  
b e s t  j e t - f l a p  P r o d u c t i v i t y ,  f o l l o w e d  by t h e  Cold C y c l e ,  and 
l a s t l y  by t h e  Warm Cycle ,  compared t o  t h e  Warm C y c l e ,  n o - j e t -  
f l a p .  I n  a d d i t i o n ,  f o r  r e f e r e n c e  p u r p o s e s ,  t h e  r a t i o  o f  f u e l /  
pay load  i s  g i v e n .  I t  i s  s e e n  t h a t  t h e  Hot Cycle  and Warm Cycle  
j e t - f l a p  c o n f i g u r a t i o n s  have  e s s e n t i a l l y  t h e  same r a t i o  o f  f u e l /  
pay load  as t h e  r e f e r e n c e  Warm Cycle  - n o - j e t - f l a p  h e l i c o p t e r .  
A p p a r e n t l y ,  t h e  r e d u c t i o n  i n  p r o f i l e  power a s s o c i a t e d  w i t h  t h e  
lower s o l i d i t y  of t h e  j e t - f l a p  r o t o r  i s  enough t o  overcome t h e  
r e l a t i v e  i n e f f i c i e n c y  o f  t h e  j e t - f l a p ,  which e x h a u s t s  t h e  gas  
o n l y  p a r t  way t o  t h e  b l a d e  t i p ,  i n  a downward d i r e c t i o n ,  t h e r e b y  
r a i s i n g  t h e  s p e c i f i c  f u e l  consumption. 

The Cold Cycle  r o t o r ,  on t h e  o t h e r  hand ,  e x p e r i e n c e s  an 18% i n -  
c r e a s e  of t h e  f u e l / p a y l o a d  r a t i o .  

RESULTS OF THE HIGH SPEED MANEUVERABILITY J E T - F L A P  STUDY 

The r e s u l t s  o f  the  200 k n o t s ,  2g j e t - f l a p  s t u d y  i n d i c a t e  t h a t  
t h e  d e s i r e d  m a n e u v e r a b i l i t y  can be o b t a i n e d  w i t h  a r o t o r  d e s i g n  
v e r y  c o n s i s t e n t  w i th  NASA t e s t s  o f  a s imi l a r  j e t - f l a p  r o t o r .  
The s o l i d i t y  r e q u i r e d  f o r  t h e  d e s i g n  c o n d i t i o n  p e r m i t t e d  t h e  u s e  
o f  t h e  Warm Cycle p r o p u l s i o n  sys tem b e c a u s e  d u c t  s i z e  was a e r o -  
d y n a m i c a l l y ,  n o t  thermodynamica l ly ,  l i m i t e d .  The d e t e r m i n a t i o n  
of  t h e  b e s t  combinat ion o f  j e t - f l a p  p a r a m e t e r s  i s  as f o l l o w s :  



E f f e c t  o f  Gas S p l i t  

A s e t  o f  e x p l o r a t o r y  c a l c u l a t i o n s  were run  u s i n g  o n l y  t h e  modi- 
f i e d  per formance  program t o  d e f i n e  t h e  f l a p  p a r a m e t e r s  most 
l i k e l y  t o  produce  t h e  d e s i r e d  r o t o r  per formance .  An i n i t i a l  g a s  
s p l i t  o f  0 . 3  f l a p / 0 . 7  n o z z l e ,  which was t h e  p r e f e r r e d  Heavy-L i f t  
s p l i t ,  p roduced  a r e t r e a t i n g  b l a d e  t i p  a n g l e  of  a t t a c k  o f  a lmos t  
20' p a s t  t h e  a l l o w a b l e  v a l u e .  
0 . 7 5  f l ap /O .  2 5  n o z z l e  a l s o  r e s u l t e d  i n  e x c e s s i v e  a n g l e  of  a t t a c k ,  
and a s p l i t  o f  1 . 0  f l a p / 0 . 0  n o z z l e  was r e q u i r e d  f o r  s a t i s f a c t o r y  
o p e r a t i o n .  

S p l i t s  of . 5  f l a p / . 5  n o z z l e  and 

E f f e c t  o f  J e t - F l a p  D e f l e c t i o n  

S i m u l t a n e o u s l y  w i t h  v a r i a t i o n  o f  t h e  gas  s p l i t ,  j e t - f l a p  d e f l e c -  
t i o n  a n g l e s  were v a r i e d  i n  hove r  and c r u i s e .  I t  was found t h a t ,  
t o  o b t a i n  s a t i s f a c t o r y  b l a d e  t i p  a n g l e s  of a t t a c k ,  t h e  f l a p  
d e f l e c t i o n  r e q u i r e d  was t h a t  which produced  maximum l i f t  c o e f f i -  
c i e n t  f o r  a g i v e n  j e t  momentum c o e f f i c i e n t .  A s  d i s c u s s e d  i n  
Appendix C ,  t h e  J e t - F i a p  Aerodynamic C h a r a c t e r i s t i c s  s e c t i o n ,  
t h i s  c o r r e s p o n d s  t o  a d e f l e c t i o n  o f  40' i n  h o v e r ,  and 20' - 20' 
s i n  Y i n  c r u i s e .  

E f f e c t  o f  F l ap  Length/Radius  

Tab le  1 4  shows t h e  e f f e c t  o f  j e t - f l a p  l eng th /R  on P r o d u c t i v i t y .  
The b a s e l i n e  p a r a m e t e r s  were: 

2 a. Disk l o a d i n g  = 1 0 . 3  l b / f t  
b .  Gas f l o w  s p l i t  = 1 0 0 %  f l ap /O% n o z z l e  
c. Duct Mach Number = .31 
d. F l a p  d e f l e c t i o n  = 40' ( h o v e r ) ,  20'-20' s i n "  ( c r u i s e )  
e. No. of  b l a d e s  = 4 
f .  Blade t i p  speed  = 650 f t / s e c  
g. C r u i s e  speed  = 200 k n o t s  
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TABLE 1 4  
H I G H  SPEED - EFFECT OF FLAP LENGTH/RADIUS 

J e t  - Flap  Leng th/R 

R - f t  

C - i n  

0 

2 Disk Loading - l b / f t  

% Engine A i r f l o w  -Pair  

Pay load  - t o n s  

P r o d u c t i v i t y  

( 2 g )  

Margin-deg '(1.0) (270) 

W - l b  
g 

Fue l / P a y l o a d  

.375 

2 7 . 0 0  

33. 8 

.133  

10 .23  

.136 

3.02 

85.8 

.1638 

. 1 3  

23509 

,6566 

.275 

2 7 . 0 0  

33. 8 

.133  

10.37 

.136 

3.17 

9 0 . 0  

.1659 

-. 7 7  

23814 

.6190 

.175  

2 7 . 0 0  

33 .8  

.133  

1 0 . 0 8  

.136 

2 . 9 4  

84.2 

.1614 

-2 .05  

23164 

.6562 

T a b l e  1 4  shows t h a t  a f l a p  l e n g t h / R  o f  .275R g i v e s  t h e  h i g h e s t  
p r o d u c t i v i t y  and h i g h e s t  CT/a,  and t h a t  v a l u e  was t h e r e f o r e  u s e d  
f o r  f u r t h e r  o p t i m i z a t i o n .  

E f f e c t  o f  Disk Loading - (Rad ius )  

Tab le  15 shows t h e  e f f e c t  o f  d i s k  l o a d i n g  on p r o d u c t i v i t y .  The 
b a s e l i n e  p a r a m e t e r s  were t h e  same as f o r  t h e  s t u d y  o f  f l a p  
l e n g t h / r a d i u s .  
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TABLE 1 5  
H I G H  SPEED - EFFECT OF D I S K  LOADING (RADIUS) 

2 Disk Loading l b / f t  

R - f t  

C - i n  

U 

Duct Mach Number 

% Engine Airf low-Pair  

Payload  - t o n s  

P r o d u c t i v i t y  

CT/a (2g )  

Margin-deg a ( l . O )  (270) 

W - l b  
g 

Fue l / P a y l o a d  

9 .05  

29.00 

33.3 

. 1 2 2  

.308 

.133  

3.12 

87.2 

.1580 

. 2 4  

23997 

.6448 

10 .37  

27.00 

33.80 

.133  

.307  

.136  

3.17 

9 0 . 0  

.1659 

-. 7 7  

23814 

.6190 

1 1 . 0 1  

26.00 

34.0 

.139 

.305  

.137  

3.10 

89.2 

.1687 

-1 .02  

23459 

.6214 

Tab le  15  shows t h a t  h i g h e s t  p r o d u c t i v i t y  i s  o b t a i n e d  w i t h  a d i s k  
l o a d i n g  o f  1 0 . 4  pounds p e r  s q u a r e  f o o t .  

E f fec t  of  Duct Mach Number (Chord) 

Tab le  16  shows t h e  e f f e c t  o f  d u c t  Number on p r o d u c t i v i t y .  The 
b a s e l i n e  parameters ( excep t  Mach Number) were t h e  same as f o r  
t h e  f l a p  l eng th /R  rev iew above. 
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TABLE 1 6  
H I G H  SPEED - EFFECT OF DUCT MACH NUMBER (CHORD) 

Duct Mach Number 

C - i n  

R - f t  

U 

2 Disk Lozding - l b j f t  

% Engine  Air f low-Pai r  

Pay load  - t o n s  

P r o d u c t i v i t y  

CT/u  ( 2 g )  

Margin- deg  a ( l .  0 )  (270) 

W - l b  
g 

Fuel /P  ay l o a d  

.307  

33 .8  

27.00 

.133  

io. 3 7  

.136 

3.17 

90.0 

.1659 

- .  77 

23814 

.6190 

.336 

32 .8  

2 7 . 0 0  

. 1 2 9  

l o .  3 

.138  

3.16 

9 0 . 3  

.1703 

-1 .31  

23668 

.6184 

.367  

31. 8 

2 7 . 0 0  

. 1 2 5  

10 .25  

. 1 4 1  

3 .14 

9 0 . 1  

. 1 7 4 6  

-1 .87  

23552 

.6227 

Tab le  16 shows t h a t  w i t h i n  t h e  Mach Number r a n g e  examined,  t h e  
e f f e c t  on p r o d u c t i v i t y  i s  p r a c t i c a l l y  n i l ,  and a d u c t  Mach Num- 
b e r  o f  . 34  g i v e s  t h e  h i g h e s t  p r o d u c t i v i t y  ( 9 0 . 3 ) .  The c o r r e s -  
ponding  CT/u i s  . 1 7 0 .  T h i s  c o n f i g u r a t i o n  i s  s e l e c t e d  as t h e  
p r e f e r r e d  h i g h  speed  maneuverable  (200 k n o t ,  2g) h e l i c o p t e r .  

Comparison w i t h  NASA Work 

An i n t e r e s t i n g  comparison o f  t h e  h i g h  s p e e d  r o t o r  l i f t  c a p a b i l i t y  
u s i n g  t h e  j e t - f l a p  i s  shown i n  F i g u r e  9.  T h i s  f i g u r e  i s  t a k e n  
from Refe rence  8 ,  and shows t h e  c a l c u l a t e d  l i f t  c a p a b i l i t y  o f  t h e  
U.S.Army/Dorand J e t - F l a p  r o t o r .  (Some t e s t  p o i n t s  are  i n c l u d e d ,  
b u t  mechan ica l  p i t c h  l i m i t s  p r e v e n t e d  r e a c h i n g  f u l l  r o t o r  capa-  
b i l i t y ) .  

S p o t t e d  on t h e  band l a b e l e d  " c a l c u l a t e d  NASA TN D-3028" i s  t h e  
c a l c u l a t e d  p o i n t  t a k e n  from t h e  p r e c e d i n g  s e c t i o n  o f  t h i s  r e p o r t .  
T h i s  p o i n t  f a l l s  i n t o  t h e  band c a l c u l a t e d  by  NASA f o r  l i f t  o f  a 
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r e p r e s e n t a t i v e  j e t - f l a p  r o t o r ,  and t h i s  shows c o n s i s t e n c y  b e -  
tween t h e  two s t u d i e s .  

An added a s p e c t  o f  t h i s  comparison i s  shown on F i g u r e  1 0 .  T h i s  
f i g u r e ,  a l s o  taken from Reference  8 ,  shows t h e  r o t o r  l i f t  f o r c e  
v s  r o t o r  p r o p u l s i v e  f o r c e ,  u s i n g  t h e  a p p r o p r i a t e  p a r a s i t e  a r e a  
v a l u e .  I t  i s  seen  t h a t  t h e  c a l c u l a t e d  C /a  and C / a  v a l u e s  

a r e  q u i t e  c o n s i s t e n t  w i t h  t h e  t e s t  v a l u e s  from Reference  8.  

A p r e l i m i n a r y  s tudy  was a l s o  made o f  t h e  c o n f i g u r a t i o n  o f  a con-  
v e n t i o n a l  n o - j e t - f l a p  r o t o r  a b l e  t o  f l y  a t  200  k n o t s  a t  2g. 
Using t h e  c h a r t s  of Reference  9 ,  and i n c r e a s i n g  t h e  Upper S t a l l  
L i m i t  by A (C,/U) = .04  based  on t e s t s  r e p o r t e d  i n  Reference  1 0 ,  
t h e  a l l o w a b l e  CT/a i s  ,083  a t  p = .52 f o r  t h e  c o n v e n t i o n a l  r o t o r ,  
l e a d i n g  t o  a s o l i d i t y  o f  . 2 4 5 ,  which i s  twice t h a t  needed by t h e  
j e t - f l a p  r o t o r .  T h e r e f o r e ,  i t  i s  concluded t h a t  a p u r e  h e l i c o p -  
t e r  w i t h  a conven t iona l  r o t o r  w i l l  r e q u i r e  a r o t o r  w i t h  doub le  
t h e  s o l i d i t y  o f  a j e t - f l a p  r o t o r  when pe r fo rma ing  t h e  200 k n o t ,  
2g mis s ion .  

LR xR 

EFFECT OF REDUCED POWER AND AUTOROTATION 

High l i f t  c o e f f i c i e n t s  a r e  deve loped  on t h e  r o t o r  b l a d e s  th rough  
t h e  b lowing  o f  a gas j e t  o v e r  a d e f l e c t e d  mechan ica l  f l a p .  I f  
t h e  momentum i n  t h e  a i r  j e t  s h o u l d  b e  r educed ,  t h e  i n c r e a s e d  
l i f t  c o e f f i c i e n t  would be  reduced  and b l a d e  s t a l l  would occur .  
T h e r e f o r e ,  p a r t i a l  power d e s c e n t s  and e n g i n e  f a i l u r e  were s t u d i e d  
t o  f i n d  methods o f  a l l e v i a t i n g  t h i s  problem. 

I 

Heavy-Li f t  H e l i c o p t e r  

I n  t h e  c a s e  o f  p a r t i a l  power d e s c e n t ,  t h e  optimum c o n f i g u r a t i o n  
h a s  1 t o  1.5'  margin below t h e  l i m i t  a n g l e  o f  a t t a c k  i n  l e v e l  
f l i g h t ,  and t h e  a n g l e  of  a t t a c k  w i l l  r educe  s l i g h t l y  i n  d e s c e n t .  
T h e r e f o r e ,  w i t h  less  b lowing ,  i t  might  b e  p o s s i b l e  t o  descend a t  
c o n s t a n t  a i r s p e e d  w i t h o u t  b l a d e  s t a l l .  I f  f u r t h e r  work shows 
t h a t  s t a l l  does  o c c u r ,  i t  might  be n e c e s s a r y  t o  r educe  a i r s p e e d  
b e f o r e  e n t e r i n g  d e s c e n t ,  A s  an a l t e r n a t e ,  s ince  t h e  h e a v y - l i f t  
h e l i c o p t e r  a p p l i e s  on ly  30% o f  t h e  g a s  f low t o  t h e  j e t - f l a p ,  a 
sys tem o f  v a r i a b l e  a r e a  n o z z l e s  c o u l d  b e  u s e d  t o  r educe  t h e  
f r a c t i o n  o f  flow t o  t h e  t i p  n o z z l e s  a t  p a r t  power and t o  i n c r e a s e  
t h e  f low t o  t h e  j e t - f l a p .  

The h e a v y - l i f t  c o n f i g u r a t i o n  w i l l  have t h r e e  e n g i n e s .  T h e r e f o r e ,  
i n  c a s e  o f  f a i l u r e  o f  a s i n g l e  e n g i n e ,  c r o s s - o v e r  d u c t i n g  will 
be p r o v i d e d  t o  ma in ta in  t h e  p r o p e r  g a s  f l o w  i n  t h e  j e t - f l a p  a r e a .  
In  t h e  c a s e  o f  complete power f a i l u r e ,  i t  w i l l  be  p o s s i b l e  t o  
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a u t o r o t a t e  a t  i n c r e a s e d  t i p  speed  (122% of  power-on t i p  speed)  
w i t h o u t  e n c o u n t e r i n g  b l a d e  s t a l l .  

High Speed Maneuverable H e l i c o p t e r  

The 2 0 0  k n o t  h e l i c o p t e r  was d e s i g n e d  t o  per form a 2g t u r n  i n  
l e v e l  f l i g h t .  For t h i s  maneuver a l l  t h e  gas  i s  d i v e r t e d  t o  t h e  
j e t - f l a p  s e c t i o n .  I t  w i l l  be  i m p o s s i b l e  t o  r educe  t o r q u e  f o r  a 
d e s c e n t  and s t i l l  per form a 2g maneuver,  due t o  t h e  r e d u c t i o n  o f  
momentum i n  t h e  j e t - f l a p  a r e a .  A s  t h e  l g  CT/u  i s  n o t  e x c e s s i v e  
( . 0 8 5 ) ,  l e v e l  f l i g h t  and d e s c e n t  a re  n o t  a problem. 

I n  c a s e  o f  complete eng ixe  f a i l u r e  a t  200  knots a t  I g ,  t h e  p i l o t  
w i l l  have t o  d e c r e a s e  t h e  forward  speed  t o  about  1 0 0  k n o t s ,  i n  
o r d e r  t o  a u t o r o t a t e .  

PRELIMINARY ESTIMATES OF JET-FLAP SIZE 

The c a l c u l a t i o n s  d i s c u s s e d  above have l e d  t o  t h e  s i z i n g  o f  t h e  
optimum h e l i c o p t e r s  f o r  t h e  Heavy-L i f t  m i s s i o n  and t h e  2 0 0  k n o t ,  
2g m i s s i o n ,  u s ing  t h e  b e s t  combina t ion  o f  j e t - f l a p  d e f l e c t i o n ,  
f l a p  l e n g t h ,  and gas  s p l i t .  The e f f e c t  on b l a d e  aerodynamic 
c h a r a c t e r i s t i c s  o f  t h e  j e t - f l a p  used  i n  t h i s  s t u d y  i s  g i v e n  i n  
Appendix C ,  where in  d a t a  i s  p r e s e n t e d  f o r  b lowing  o v e r  t h e  uppe r  
s u r f a c e  o f  a 1 2 . 5 %  chord f l a p  a t t a c h e d  t o  an NACA 0018 a i r f o i l .  

Because o f  t h e  s c a r c i t y  o f  d a t a ,  ment ioned  e a r l i e r ,  i t  was assum- 
e d  i n  t h i s  s t u d y  t h a t  t h e  same l i f t - a u g m e n t a t i o n  r e s u l t s  would 
app ly  t o  a i r f o i l s  o f  1 5 %  and 20% t h i c k n e s s  r a t i o s  t h a t  have  12 .5% 
chord  f l a p s  w i t h  uppe r  s u r f a c e  b lowing .  I t  i s  t h e n  p o s s i b l e  t o  
f i n d  t h e  p r o p o r t i o n s  of j e t - f l a p  n o z z l e  h e i g h t  and f l a p  t h i c k n e s s ,  
t h u s  p e r m i t t i n g  a d e s i g n e r  t o  p r o p o r t i o n  s t r u c t u r e  and h i n g e  
mechanism. I n  a d d i t i o n ,  i t  i s  p o s s i b l e  t o  o b s e r v e  t h a t  t h e  r e -  
q u i r e d  n o z z l e  h e i g h t / f l a p  t h i c k n e s s  i s  of a c c e p t a b l e  p r o p o r t i o n ,  
a s  s e e n  i n  T a b l e  17 .  

For power-on f l i g h t  t h e  n o z z l e  s i z e  shown i s  n o t  e x p e c t e d  t o  
cause  any d i f f i c u l t i e s ;  f o r  power-of f  f l i g h t ,  some n o z z l e  b a s e  
drag  would b e  i n t r o d u c e d ,  p a r t i c u l a r l y  f o r  t h e  200 k n o t ,  2g con-  
f i g u r a t i o n .  
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CONCLUSIONS 

Heavy - L i  f t He 1 i cop t e  r 14is s i o n  

The i n c r e a s e  i n  maximum a i r f o i l  l i f t  c o e f f i c i e n t  a c h i e v e d  by t h e  
j e t - f l a p  p e r m i t s  a r e d u c t i o n  o f  r o t o r  s o l i d i t y  t o  approx ima te ly  
59% o f  a n o n - j e t - f l a p  r o t o r .  

As a r e s u l t  of  t h e  s a v i n g  i n  r o t o r  s o l i d i t y ,  and hence i n  r o t o r  
w e i g h t ,  t h e  j e t - f l a p  c o n f i g u r a t i o n s  had a 2 1 %  h i g h e r  p r o d u c t i v -  
ity t h a n  a n o n - j e t - f l a p  c o n f i g u r a t i o n .  

O f  t h e  t h r e e  p r o p u l s i o n  sys tems s t u d i e d  u t i l i z i n g  a j e t - f l a p  
(Hot Cycle ,  Warm Cycle ,  Cold Cycle)  t h e  Hot Cycle  gave t h e  l a r g -  
e s t  i n c r e a s e  i n  p r o d u c t i v i t y .  

F u e l / p a y l o a d  r a t i o s  w i t h  t h e  Hot Cycle and Warm Cycle  j e t - f l a p  
p r o p u l s i o n  systems a r e  t h e  same a s  f o r  t h e  r e f e r e n c e  Warm Cycle  
n o - j e t - f l a p  Warm Cycle ;  t h e  f u e l / p a y l o a d  r a t i o  f o r  t h e  Cold 
Cycle i s  18% h i g h e r .  

The h i g h e s t  p r o d u c t i v i t y  i s  o b t a i n e d  w i t h  t h e  f o l l o w i n g  r o t o r  and 
j e t  - f l a p  p a r a m e t e r s  : 

Duct Mach Number 

Disk Loading 

. 4 3  

9 l b / f t 2  

Gas S p l i t  30% f l a p / 7 0 %  t i p  n o z z l e  

F 1 ap Length/ Rad i u s  . 2 7 5  

J e t - F l a p  Def l ec t ion -Hover :  30' 

- C r u i s e :  15' - 15' s i n y  

200  Knot 2g 14iss ion 

The 200  k n o t  2g mis s ion  i s  per formed b e s t  w i t h  a Warm Cycle  p r o -  
p u l s i o n  sys tem.  The j e t - f l a p  p e r m i t s  d e s i g n i n g  f o r  a r o t o r  
b l a d e  l o a d i n g  c o e f f i c i e n t  CT/a = . 1 7 0  a t  2g w i t h o u t  e n c o u n t e r i n g  
b l a d e  s t a l l .  A c o n v e n t i o n a l  r o t o r  w i l l  a l l o w  a CT/o o f  o n l y  
.083 a t  200 kno t s .  Thus,  t h e  j e t - f l a p  r o t o r  p e r m i t s  a 2 0 0  kno t  
2g maneuver w i t h o u t  s u f f e r i n g  t h e  p e n a l t y  o f  an u n r e a s o n a b l e  
r o t o r  s o l i d i t y  t h a t  would b e  r e q u i r e d  by a n o n - j e t - f l a p  r o t o r .  

The r o t o r  and j e t - f l a p  p a r a m e t e r s  f o r  t h e  p r e f e r r e d  c o n f i g u r a -  
t i o n  a re :  

52 



Duct Mach Number . 3 4  

Disk Loading 1 0 . 4  l b / f t 2  

Gas S p l i t  

F lap  Length/Radius  

100% f l a p / O %  t i p  n o z z l e  

. 2 7 5  

J e t - F l a p  D e f l e c t i o n  - Hover:  40' 
- C r u i s e :  20' - 20' s i n y  

A i r f o i l  Data  

There  i s  on ly  p a r t i a l  t e s t  d a t a  on t h e  d r a g  o f  j e t - f l a p  a i r f o i l s  
i n  t h e  s t a l l  r e g i o n ,  a s  a f f e c t e d  by momentum c o e f f i c i e n t .  

RECOMMENDATIONS 

Data f o r  j e t - f l a p  a i r f o i l s  s h o u l d  be  o b t a i n e d  on l i f t  c o e f f i c i e n t  
and d r a g  c o e f f i c i e n t  v s  momentum c o e f f i c i e n t  f o r  a n g l e s  of  a t t a c k  
s e v e r a l  deg rees  p a s t  s t a l l .  

The i n f l u e n c e  of I4ach Number on j e t - f l a p  a i r f o i l  c h a r a c t e r i s t i c s  
shou ld  be de te rmined .  

J e t - f l a p  n o z z l e  p r e s s u r e  r a t i o s  up t o  4 . 5  s h o u l d  b e  s t u d i e d .  

A d e s i g n  s t u d y  shou ld  be pe r fo rmed  of  t h e  h i g h  s p e e d  maneuver- 
a b i l i t y  m i s s i o n  t o  de te rmine  t h e  r e l a t i v e  p r o d u c t i v i t y  o f  t h e  
p u r e  h e l i c o p t e r  w i t h  a j e t - f l a p  r o t o r ,  t h e  p u r e  h e l i c o p t e r  w i t h  
a ve ry  h i g h  s o l i d i t y  r o t o r ,  and o t h e r  c o n f i g u r a t i o n s  of i n t e r e s t  
such a s  t h e  compound h e l i c o p t e r .  
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APPENDIX A 

ROTOR PERFORMANCE CALCULATION 

I n t r o  duc t i on 

The r o t o r  per formance  s u b r o u t i n e  c o n s i s t s  o f  two p a r t s .  The 
f i r s t  p a r t  i s  used  t o  compute t h e  r o t o r  f l a p p i n g  a n g l e s  and i s  
based  on t h e  e q u a t i o n s  p r e s e n t e d  i n  Reference  3 .  The second 
p a r t  u ses  t h e  f l a p p i n g  va lues  o b t a i n e d  i n  t h e  f i r s t  p a r t  and 
computes t h e  aerodynamic c h a r a c t e r i s t i c s  of  t h e  r o t o r  based  on 
e q u a t i o n s  from Refe rence  4.  

I n  t h e  p r e s e n t  j e t - f l a p  s t u d y  n i n e  r a d i a l  s t a t i o n s  a r e  assumed 
on t h e  b l a d e  p o r t i o n  inboa rd  o f  t h e  j e t - f l a p  and f i v e  s t a t i o n s  
on t h e  j e t - f l a p .  E igh teen  azimuth p o s i t i o n s  a r e  used .  I n  t h e  
f o l l o w i n g  d i s c u s s i o n ,  t hose  terms which have been  added t o  han-  
d l e  t h e  j e t - f l a p  a r e  u n d e r l i n e d .  

Angle of A t t a c k  and S e c t i o n  C h a r a c t e r i s t i c s  f o r  Unflapped B lade  

A t  each  s t a t i o n  and azimuth,  t h e  f o l l o w i n g  e q u a t i o n s  a r e  used  t o  
compute l o c a l  ang le  o f  a t t a c k  and Mach Number. A l l  terms a r e  
w i t h  r e s p e c t  t o  t h e  r o t o r  s h a f t  axis. 

up = A s  cos 6 -  (x - B - lJs s i n  f3 cos  Y (A-1)  
S 

( A - 2 )  
e e c o s  6 + 1.1, s i n  Y UT = + (x - K) 

S 

The l o c a l  ang le  of a t t a c k  i s  

a = B o  + B1 x -A1 cos  1 - B1 s i n "  + $+ OCNI 'P - (A- 5) 
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The l o c a l  Mach Number i s  

U RR - MX - - a 

By u s i n g  t h e  s e c t i o n  a n g l e  o f  a t t a c k  and Mach Number, C R  and 
for t h e  b a s i c  r o t o r  b l a d e  s e c t i o n  e x c l u s i v e  o f  t h e  j e t - f l a p  ‘d - 

a r e  o b t a i n e d  f r o m  t a b l e s  of  two d imens iona l  a i r f o i l  d a t a .  
(Reference  11) 

J e t - F l a p  Momentum and L i f t  and Drag C o e f f i c i e n t s  

A t  e ach  s t a t i o n  on t h e  j e t - f l a p ,  mass f low and r e l a t i v e  gas  e j e c -  
t i o n  v e l o c i t y  a re  computed d u r i n g  t h e  r o t o r  power a v a i l a b l e  c a l -  
c u l a t i o n  d i s c u s s e d  i n  Appendix B.  Momentum c o e f f i c i e n t  i s  t h e n  
computed a t  each s t a t i o n  u s i n g  t h e  f o l l o w i n g  e q u a t i o n :  

2m V.b 

j PU (RR) UTR 
c =+ (A- 7 )  

The f o l l o w i n g  e q u a t i o n s  a r e  u s e d  t o  d e t e r m i n e d  t h e  C Q  and c d  
c o n t r i b u t e d  by t h e  j e t - f l a p :  

C Q  = C .  s i n  ( a  + 6 )  + SQ- C .  s i n  ( a  + 6 )  
j 3 3 

(A- 8) 

The mechanica l  f l a p  C i s  s imply :  
d~~ 

- -  O - 6  - C 
MF d~~ , 

(A- 10) 

The e x p r e s s i o n s  f o r  t o t a l  C Q  and C 
a r e  : 

on t h e  j e t - f l a p  p o r t i o n  d 

= C Q  + C s i n  ( a  + 6 ) + SQ C .  s i n  ( a  + 6 )  (A-11) 
j J j 0 -  

5 6  



- c -  cos (a + 6 )  - s d  - cos ( a  + 6)' 
3 

cd = cd 
(A- 1 2 )  0 

j 
0 

! acd \ 
0 .  . 6  + -4 \ a  6 .MF 

B 1 ade F 1 app i ng Char a c t  e r i s t i c s  

The p r o c e d u r e  used  t o  o b t a i n  t h e  b l a d e  f l a p p i n g  c h a r a c t e r i s t i c s  
i s  b a s e d  on t h e  f a c t  t h a t  no  moments may be  t r a n s m i t t e d  t h r o u g h  
t h e  b l a d e  f l a p p i n g  h i n g e .  T h a t  i s ,  t h e  sum o f  a l l  moments abou t  
t h e  f l a p p i n g  h i n g e  a t  any r o t o r  az imuth  p o s i t i o n  i s  z e r o .  

MT - MC - MI - Mw = 0 (A- 13) 

The aerodynamic moment i s  g i v e n  by 

XU 

The c e n t r i f u g a l  f o r c e  moment i s  

The b l a d e  i n e r t i a  moment i s  .. 
MI = B I h  

E x p r e s s i n g  B i n  terms of Y - - .. 
B = n2$ 

( A - 1 4 )  

(A- 15) 

(A- 16) 
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The we igh t  moment i s  g iven  by 

1 

MW = M C O S  6 ( A -  17) 

S u b s t i t u t i n g  A-14, A - 1 5 ,  A-16 and A - 1 7  i n t o  e q u a t i o n  A-13 r e s u l t s  
i n  a d i f f e r e n t i a l  e q u a t i o n  i n  which - - 

B = f ( B ,  E) (A- 18)  

I n i t i a l  v a l u e s  o f  B and a r e  assumed f o r  t h e  z e r o  azimuth p o s i -  
t i o n  and e q u a t i o n  A-18 i s  s o l v e d  f o r  6, Using n u m e r i c a l  i n t e -  
g r a t i o n ,  B and a r e  p r e d i c t e d  f o r  t h e  n e x t  azimuth p o s i t i o n .  
When t h e  c a l c u l a t i o n  has  been completed f o r  a f u l l  r o t o r  r e v o l u -  
t i o n ,  t h e  f i n a l  B i s  compared w i t h  t h e  i n i t i a l  B .  I f  t h e y  a g r e e  
w i t h i n  a s p e c i f i e d  t o l e r a n c e ,  t h e  c a l c u l a t i o n  i s  comple te .  I f  
n o t ,  t h e  i t e r a t i o n  i s  r e p e a t e d ,  s t a r t i n g  w i t h  t h e  f i n a l  v a l u e  
of  B .  

Rotor  C o r i o l i s  Torque 

A c c e l e r a t i o n  o f  t h e  gas  up t o  t h e  l o c a l  r o t a t i o n a l  speed  o f  t h e  
r o t o r  de t e rmines  t h e  C o r i o l i s  t o r q u e  o f  t h e  r o t o r .  Th i s  q u a n t i t y  
i s  i n f l u e n c e d  by how f a r  a long  t h e  r o t o r  a p a r t i c u l a r  q u a n t i t y  
o f  gas  t r a v e l s  b e f o r e  i t  i s  e x h a u s t e d ,  a s  w e l l  as t h e  amount of  
t h e  g a s .  To de termine  t h i s  v a l u e ,  a n u m e r i c a l  i n t e g r a t i o n  i s  
per formed which assumes t h e  r o t o r  t o  be broken  up s e q u e n t i a l l y  
i n t o  an i n b o a r d  s e c t i o n ,  f o u r  v a r i a b l e  b u t  e q u a l - l e n g t h  j e t - f l a p  
segments ,  and t h e  t i p  n o z z l e ,  The p r o p o r t i o n  o f  t h e  t o t a l  f low 
e x i t i n g  th rough  a f l a p  s e c t i o n  j i s  an i n n u t  v a r i a b l e  K The 
C o r i o l i s  t o r q u e  c o e f f i c i e n t  i s  then  de te rmined  as a f u n c t i o n  of  
gas  f low ( o r  eng ine  power l e v e l ) :  

j *  

Rotor  Dr iv ing  Torque 

The t o r q u e  d r i v i n g  t h e  r o t o r  i s  made up o f  two p a r t s ,  t h a t  due 
t o  t h e  g a s  e x h a u s t i n g  from t h e  j e t - f l a p  and t h a t  due t o  t h e  r e s t  
of  t h e  g a s  e x h a u s t i n g  from t h e  t i p  n o z z l e .  

The j e t - f l a p  d r i v i n g  t o r q u e  i s  a s s o c i a t e d  w i t h  t h e  C D  term a s  
O i  

J 
"nega t ive"  d r a g  i n  t h e  d rag  c o e f f i c i e n t  e q u a t i o n  A-9 g i v e n  e a r -  
l i e r .  T h i s  "negat ive"  d r a g  c o e f f i c i e n t  i s  i n t r o d u c e d  i n t o  t h e  
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1 

t o t a l  d r a g  c o e f f i c i e n t  CD (A-12) which i s  c o n v e r t e d  i n t o  a 

The t i p  n o z z l e  d r i v i n g  to rque  i s  de te rmined  d i r e c t l y  by t h e  
g a s e s  e x h a u s t i n g  a t  t h e  n o z z l e ,  a s  g i v e n  i n  t h e  f o l l o w i n g  equa-  
t i o n  

I 

Nozzle  (A- 20)  

T h i s  term i s  c o n v e r t e d  t o  C ( Y )  i n  t h e  n e x t  s e c t i o n  (Equa t ion  
QNoz 

A-32). F i n a l l y ,  b o t h  C ( Y )  and C ( Y )  are combined i n  t h e  
Q j f  QNo z 

e q u a t i o n  A-23, which b a l a n c e s  a l l  a c c e l e r a t i n g  and d e c e l e r a t i n g  
t o r q u e s  on t h e  r o t o r .  

Rotor  Performance Equa t ions  

The r o t o r  per formance  p a r a m e t e r s  are t h e n  computed u s i n g  t h e  f o l -  
lowing e q u a t i o n s  based  on t h e  f i n a l  f l a p p i n g  a n g l e s  o b t a i n e d  
e a r l i e r .  These e q u a t i o n s  f o r m u l a t e  r o t o r  t h r u s t  , t o r q u e ,  and 
h o r i z o n t a l  f o r c e .  They i n c l u d e  t h e  p r e v i o u s l y  de t e rmined  v a l u e s  
of f l a p p i n g  a n g l e s ,  C o r i o l i s  t o r q u e ,  and j e t - f l a p  and t i p  n o z z l e  
d r i v i n g  t o r q u e .  
by i t e r a t i o n ,  a r r i v i n g  a t  an  e n g i n e  power l e v e l  t h a t  n o t  o n l y  
p r o v i d e s  t h e  power r e q u i r e d  t o  produce  t h e  r e q u i r e d  t h r u s t  and 
p r o p u l s i v e  f o r c e ,  b u t  a l s o  g e n e r a t e s  t h e  p r o p e r  j e t - f l a p  e x h a u s t  
v e l o c i t y  t o  make t h e  j e t - f l a p  o p e r a t e  a t  t h e  r e q u i r e d  h i g h  l i f t  
c o e f f i c i e n t s .  

A l l  o f  t h e s e  e q u a t i o n s  are s o l v e d  s i m u l t a n e o u s l y  

Blade p i t c h  a t  t h e  t i p  n o z z l e  i s  

- - A1 cos  Y - B1 s inY + ecam (A- 2 1) Noz eN - eo + e l  + i 
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(A-22) 

(A-24) 

f o r  each u t i m d - h ,  p = ~ ,  n 

(A-26) 

(A-27) 

(A-29) 

(A-30) 



(A-31) 

(A-32) 

(A-33) 

(A-34)  
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APPENDIX B 

ROTOR POWER AVAILABLE (See a l s o  Ref.  12) 

I n t r o d u c t i o n  

The r o t o r  power a v a i l a b l e  i s  de te rmined  by c a l c u l a t i n g  t h e  
changes i n  p r e s s u r e  and t empera tu re  o f  t h e  compressed gas  sup -  
p l i e d  by t h e  eng ines  a s  i t  t r a v e l s  from t h e  eng ine  d i s c h a r g e  
p l a n e  t o  t h e  n o z z l e s  l o c a t e d  e i t h e r  a long  t h e  b l a d e  i n  t h e  j e t -  
f l a p  r e g i o n  o r  a t  t h e  b l a d e  t i p .  The s t a t e  o f  t h e  gas  ( p r e s s u r e  
and t empera tu re )  changes under  t h e  i n f l u e n c e  o f  d u c t  w a l l  f r i c -  
t i o n ,  c e n t r i f u g a l  f o r c e s  and h e a t  l o s s e s .  F i n a l l y ,  a t  each  
n o z z l e  segment ,  t h e  e f f e c t i v e  n o z z l e  v e l o c i t y  i s  found,  and t h e  
l o c a l  and i n t e g r a t e d  r o t o r  d r i v i n g  t o r q u e  i s  de t e rmined  and con- 
v e r t e d  i n t o  r o t o r  power. 

Only t h e  fundamenta ls  o f  t h e  thermodynamic p r o c e s s  w i l l  be  d i s -  
cussed  i n  t h i s  s e c t i o n ;  t h e  j e t - f l a p  a c t i o n  i n t r o d u c e s  major  
p a r a m e t e r s  t h a t  a f f e c t  t h e  r o t o r  power a v a i l a b l e  such  a s :  

F l ap  l e n g t h / b l a d e  r a d i u s  

Gas s p l i t  between j e t - f l a p  and .  t i p  n o z z l e  

Mean and o s c i l l a t o r y  d e f l e c t i o n  o f  j e t - f l a p  

The d e t a i l e d  i n t e g r a t i o n  of  t h e s e  j e t - f l a p  p a r a m e t e r s  i n t o  t h e  
Power A v a i l a b l e  d e t e r m i n a t i o n  i s  g i v e n  i n  Appendix A. 

Gas Cond i t ion  a t  t h e  Engine  E x i t  

Wi th in  t h e  u s u a l  h e l i c o p t e r  f l i g h t  e n v e l o p e ,  t h e  eng ine  a i r f l o w ,  
f u e l  f l o w ,  and p r e s s u r e  r a t i o  ( eng ine  e x i t  t o  i n l e t )  form s i n g l e  
l i n e s  when p l o t t e d  on a r e f e r r e d  b a s i s  v e r s u s  t h e  eng ine  temper-  
a t u r e  r a t i o  ( e x i t  t o  i n l e t ) .  A t y p i c a l  p l o t  o f  r e f e r r e d  e n g i n e  
p a r a m e t e r s  f o r  a f a n  eng ine  i s  shown i n  F i g u r e  B - 1 .  

With t h i s  c h a r t ,  t h e  r e f e r r e d  a i r f l o w ,  ‘a ‘1 e / & ,  r e f e r r e d  f u e l  
f low,  W f / & f 8 ,  and p r e s s u r e  r a t i o ,  P E / P 2 ,  a r e  found f o r  a s e l e c t -  
e d  t e m p e r a t u r e  r a t i o ,  T E / T 2 .  Each t e m p e r a t u r e  r a t i o  r e p r e s e n t s  
an e n g i n e  power s e t t i n g  (T r e l a t i v e  t o  some e n g i n e  i n l e t  tem- 
p e r a t u r e  (T2) .  
t u r e s  a r e  a l s o  dependent  on i n l e t  t e m p e r a t u r e ,  a s  shown t y p i c a l l y  
i n  F i g u r e  B - 2 .  Var ious  e n g i n e  aerodynamic ,  mechan ica l  and s t r u c -  
t u r a l  l i m i t s  a r e  i n v o l v e d  i n  e s t a b l i s h i n g  t h e  l i m i t s  on F i g u r e  
B - 2 ;  t h e  e x a c t  d e t a i l s  v a r y  from m a n u f a c t u r e r  t o  m a n u f a c t u r e r ,  
b u t  t h e  t r e n d s  a r e  g e n e r a l l y  a s  shown i n  F i g u r e  B - 2 .  

I 

E) 
The t a k e o f f  and maximum c o n t i n u o u s  e x i t  t empera-  
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Duct P r e s s u r e  Loss from Engine t o  Ro to r  Hub 

The a r e a ,  t h e  s h a p e ,  and t h e  g a s  p a t h  d i r e c t i o n  changes  a l l  i n -  
f l u e n c e  t h e  p r e s s u r e  l o s s  from t h e  e n g i n e  t o  t h e  r o t o r  hub. I f  
t h e  ave rage  Mach Number i n  t h e  d u c t s ,  plenum, and c o n n e c t i n g  
elbows can be k e p t  i n  t h e  .25-.35 r a n g e ,  i t  s h o u l d  b e  p o s s i b l e  
t o  keep t h e  non-b lade  d u c t  p r e s s u r e  l o s s  unde r  4% o f  t h e  e n g i n e  
e x i t  t o  t a l  p r e s s u r e .  

Gas C o n d i t i o n s  a long  t h e  R o t o r  Blade  

The gas  d u c t  i n  t h e  r o t o r  b l a d e  d i s c u s s e d  h e r e  h a s  a d u c t  area/  
b l a d e  c r o s s - s e c t i o n  a r e a  r a t i o  ( o r  u t i l i z a t i o n  U) o f  abou t  U = 
0 . 7 3 .  I n  a d d i t i o n ,  t h e  h y d r a u l i c  d i a m e t e r  (DH = 4 x a r e a / p e r i -  
meter) i s  approx ima te ly  . 18  times b l a d e  chord  f o r  a 15% t h i c k  
a i r f o i l .  With t h e s e  g e o m e t r i c a l  c o n d i t i o n s ,  t h e  d u c t  s l e n d e r -  
n e s s  r a t i o  (R/DH) i s  about  50  t o  1. 
u .11, a b l a d e  r o o t  i n l e t  Mach Number o f  about  . 4 0  i s  found 
t y p i c a l l y  f o r  a w e l l - p r o p o r t i o n e d  r o t o r .  

F u r t h e r ,  f o r  s o l i d i t y  

The e x a c t  e q u a t i o n  d e s c r i b i n g  t h e  change o f  t h e  g a s  c o n d i t i o n s  
a long  a long  r o t a t i n g  d u c t  was deve loped  by  S h a p i r o  (Refe rence  
13) and was expanded by  Henry (Refe rence  1 4 )  t o  i n c l u d e  c e n t r i -  
f u g a l  f o r c e s .  

The b a s i c  momentum e q u a t i o n  i s :  

The e f f ec t s  on d u c t  Mach Number a r e  shown s u c c e s s i v e l y  i n  equa-  
t i o n  B - l  f o r  change o f  s t a g n a t i o n  t e m p e r a t u r e ,  f o r  e f fec t  o f  
f r i c t i o n ,  f o r  d u c t  area changes ,  and f o r  c e n t r i f u g a l  f o r c e s .  

Due t o  t h e  i n s u l a t e d  n a t u r e  o f  t h e  p roposed  honeycomb b l a d e s ,  
and because  o f  t h e  u s e  o f  added i n s u l a t i o n  t o  keep low bond l i n e '  
t e m p e r a t u r e s ,  t h e  gas t e m p e r a t u r e  can b e  e x p e c t e d  t o  b e  p e r h a p s  
25'R h i g h e r  a t  t h e  b l a d e  t i p  t h a n  a t  t h e  b l a d e  r o o t .  
coup led  w i t h  t h e  b l a d e  geometry and e q u a t i o n  B - 1 ,  w i l l  a l l o w  c a l -  
c u l a t i o n  o f  t h e  o v e r a l l  change of d u c t  Mach Number. 

T h i s ,  
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The non- l i n e a r  d i f f e r e n t i a l  e q u a t i o n  o f  Mach Number v e r s u s  r a d i u s  
( e q u a t i o n  B - 1 )  can be  s o l v e d  w i t h  numer i ca l  i n t e g r a t i o n  on a com- 
p u t e r .  

The b l a d e  r o o t  Mach Number can be found knowing t h e  g a s  f low,  
p r e s s u r e ,  t e m p e r a t u r e ,  and d u c t  a r e a  u s i n g  t h e  f o l l o w i n g  equa-  
t i o n :  (Note:  S u b s c r i p t  t l t t R t l  r e f e r s  t o  b l a d e  r o o t ;  s u b s c r i p t  
"T" r e f e r s  t o  b l a d e  t i p )  

(B- 2 

The increment  i n  Mach Number i s  found from e q u a t i o n  B - 1 ,  and t h e  
b l a d e  t i p  Mach Number i s  d e f i n e d  by 

Then, knowing t h e  d u c t  Vach Number a t  t h e  b l a d e  r o o t  and b l a d e  
t i p ,  t h e  b l a d e  t i p / b l a d e  r o o t  p r e s s u r e  r a t i o  i s  found from t h e  
f o l l o w i n g  e q u a t i o n :  

A=- 'T i pT 
'Root 'R 

*DR 
A 

DT 

K +  1 
2(K-1) 

(B- 4 )  

Rotor  Power A v a i l a b l e  

Next ,  t h e  e f f e c t i v e  n o z z l e  v e l o c i t y  i s  found by d e t e r m i n i n g  t h e  
i s e n t r o p i c a l l y  expanded v e l o c i t y  from t h e  l o c a l *  n o z z l e  gas  
t o t a l  p r e s s u r e  and t e m p e r a t u r e ,  and by a p p l y i n g  an e f f e c t i v e  
n o z z l e  v e l o c i t y  c o e f f i c i e n t ,  

which i s  n o t  c o n v e r t i b l e  i n t o  t h r u s t .  T h i s  c o e f f i c i e n t  i s  a 
f u n c t i o n  o f  t h e  n o z z l e  geometry ( r o u n d ,  r e c t a n g u l a r ,  e t c . )  and 

Cv , which a c c o u n t s  f o r  t h e  ene rgy  
e 

* " l o c a l "  can be a t  t h e  t i p  n o z z l e  o r  anywhere a l o n g  t h e  j e t -  
f l a p .  
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t h e  p r e s s u r e  r a t i o .  
t h i s  s t u d y .  
t e s t  w i l l  be  r e q u i r e d  t o  o b t a i n  t h e  b e s t  p o s s i b l e  gas  p a t h s  f o r  
b l a d e  t i p  n o z z l e s  and f o r  j e t - f l a p  n o z z l e s .  I n  t h e  c a s e  of t h e  
t i p  n o z z l e ,  when t h e  gas  e x h a u s t s  d i r e c t l y  t o  t h e  a tmosphere ,  i t  
appea r s  (from r e c e n t  t es t s  o f  t u r b i n e  n o z z l e  vanes)  t h a t  a noz-  
z l e  v e l o c i t y  c o e f f i c i e n t  of (+ I n  t h e  

case  of  t h e  j e t - f l a p ,  when t h e  gas  must p a s s  o v e r  t h e  p h y s i c a l  
f l a p  of  0 . 1 0 - 0 . 1 2  t imes  chord ,  f r i c t i o n a l  l o s s e s  w i l l  o c c u r ,  and 
a s  d i s c u s s e d  i n  Reference  15b ,  a r e d u c t i o n  of  C (assumed t o  be  

.96) appea r s  t o  be a p p l i c a b l e  t o  t h e  j e t - f l a p  n o s z l e .  The l o c a l  
j e t  v e l o c i t y  i s  t h e n  found from t h e  f o l l o w i n g :  

A simple conve rgen t  n o z z l e  was used  i n  
I t  i s  expec ted  t h a t  q u i t e  d e t a i l e d  a n a l y s i s  and 

= .975 i s  c o n s e r v a t i v e .  
e 

V 

.. 
1 i %  

L 
I 

1 2  K K - 1  1 'Amb RGTlocal  1 - - VJ = c 
P l o c a l  - 'e , 

(B- 5) 

The r o t o r  poGer i s  t h e n  de te rmined  as an i n t e g r a t e d  r e s u l t  o f  
t h e  l o c a l  mass f low be ing  e j e c t e d ,  t h e  l o c a l  j e t  v e l o c i t y ,  t h e  
b l a d e  r a d i u s  a t  which i t  i s  b e i n g  e j e c t e d ,  t h e  b l a d e  t i p  s p e e d ,  
and t h e  h e l i c o p t e r  forward  speed .  D e t a i l s  of t h i s  i n t e g r a t i o n  
p rocedure  a r e  g i v e n  i n  Appendix A. For i l l u s t r a t i v e  p u r p o s e s ,  
t h e  f o l l o w i n g  e q u a t i o n  i s  g i v e n  which d e f i n e s  r o t o r  power f o r  
t h e  hove r ing  r o t o r  i n  which 1 0 0 %  o f  t h e  gas  i s  exhaus ted  a t  t h e  
b l a d e  t i p  ( n o - j e t - f l a p )  f o r  a hove r ing  h e l i c o p t e r .  

W 

I n  fo rward  f l i g h t ,  ram drag o f  t h e  a i r  p i c k e d  up a t  h e l i c o p t e r  
speed  i s  a l lowed  f o r ;  t h e  ram p r e s s u r e  r i s e  a t  t h e  eng ine  f a c e  
p a r t i a l l y  compensates f o r  t h i s  ram drag .  

I n f l u e n c e  o f  J e t - F l a p  on Ro to r  Power A v a i l a b l e  

A d e t a i l e d  c a l c u l a t i o n  is  r e q u i r e d  t o  de te rmine  t h e  e f f e c t s  on 
r o t o r  power a v a i l a b l e  of t h e  f o l l o w i n g  pa rame te r s  a s s o c i a t e d  
w i t h  u s e  o f  a j e t - f l a p :  

Reduced n o z z l e  v e l o c i t y  c o e f f i c i e n t  

Inboa rd  l o c a t i o n  of average r a d i u s  of  j e t - f l a p  gas  

F lap  d e f l e c t i o n  

An approximate  a n a l y s i s  was made of  t h e  case  t y p i c a l  of  t h e  

67 



Heavy-L i f t  Mis s ion ,  where 3 0 %  o f  t h e  gas i s  e j e c t e d  u n i f o r m l y  
a long  a j e t - f l a p  e x t e n d i n g  from 7 0  p e r c e n t  t o  9 7 . 5  p e r c e n t  o f  
b l a d e  r a d i u s ,  w i th  a hover  f l a p  d e f l e c t i o n  o f  40'. 

The approximate a n a l y s i s  showed t h a t  9 2 %  o f  t h e  p u r e  t i p  n o z z l e  
power would be deve loped ,  b a s e d  on a t h r u s t  r e c o v e r y  f a c t o r *  o f  
0 . 5 ,  and t h e  d e t a i l e d  c a l c u l a t i o n  ( p e r  Appendix A) showed 9 0 %  o f  
r e f e r e n c e  t i p  nozz le  power. 

The f l a p  l e n g t h  and f l a p  d e f l e c t i o n  of  t h e  h i g h  s p e e d ,  2g m i s s i o n  
was found t y p i c a l l y  t o  be  s i m i l a r  t o  t h e  Heavy-L i f t  Mis s ion  
v a l u e s .  However, 1 0 0 %  o f  t h e  gas  i s  e j e c t e d  a long  t h e  j e t - f l a p  
(none t o  t h e  t i p  n o z z l e ) .  The approximate  a n a l y s i s  showed r o t o r  
power a v a i l a b l e  t o  be 80% o f  t h e  r e f e r e n c e  p u r e  t i p  n o z z l e  power,  
and t h e  t y p i c a l  d e t a i l e d  (computer) c a l c u l a t i o n  showed about  7 4 %  
o f  r e f e r e n c e  nozz le  power. 

* a s  d e f i n e d  by t h e  term s d ,  s u p e r c i r c u l a t i o n  t h r u s t  p a r a m e t e r  
i n  Reference  5 ,  and d i s c u s s e d  i n  Appendix C .  



APPENDIX C 

J E T  - FLAP AERODYNAMIC CHARACTER1 STI  CS 

L i f t  C o e f f i c i e n t  v s  Momentum C o e f f i c i e n t  

Review o f  l i t e r a t u r e  on t h e  aerodynamic c h a r a c t e r i s t i c s  o f  j e t -  
f l a p s  i n d i c a t e s  t h a t  t h e  b a s i c  d a t a  was o b t a i n e d  from t h e  French 
work L. Malavard,  e t . a l . ,  Reference  15a .  The d a t a  p r e s e n t e d  i n  
Reference  15a  was used  t o  d e r i v e  t h e  l i f t  c o e f f i c i e n t  of  a de-  
f l e c t e d  f l a p .  

The e q u a t i o n  f o r  t h e  l i f t  c o e f f i c i e n t  o f  an a i r f o i l  w i t h  a j e t -  
f l a p  w i t h  blowing on t h e  upper  s u r f a c e  o f  a mechan ica l  f l a p  i s  
e q u a l  t o :  

- 
C Q  = CQ + C s i n  (a + 6 )  + Sk> C .  s i n  (a + 6 )  (C- 1) 

0 j 3 

The f i r s t  term i s  t h e  l i f t  c o e f f i c i e n t  o f  t h e  b a s i c  a i r f o i l  sec- 
t i o n ,  t h e  second term i s  t h e  j e t  r e a c t i o n  i n c r e m e n t ,  and t h e  
l a s t  term i s  t h e  s u p e r - c i r c u l a t i o n  inc remen t .  The d a t a  shown i n  
F i g u r e  25 o f  Reference  15a (shown h e r e i n  as F i g u r e  C-1) w a s  u s e d  
t o  e s t i m a t e  SR' 
s u r f a c e  j e t  and t h e  f l a p  l e n g t h  o f  12 .5% chord.  The a i r f o i l  
used  i n  t h i s  s t u d y  f o r  t h e  b a s e l i n e  W a r m  Cycle  n o - j e t - f l a p  h e l i -  
c o p t e r  was t h e  NACA 0015  s e c t i o n .  f o r  t h e  b a s i c  a i r f o i l  i s  

o b t a i n e d  from wind t u n n e l  d a t a  of  t h e  NACA 0015 a i r f o i l ,  R e f e r -  
ence  11. 
of  Mach Number and angle  o f  a t t a c k .  

The v a l u e  o f  5 . 7  f i t s  t h e  d a t a  f o r  t h e  uppe r  

CQ 
0 

T h i s  r e f e r e n c e  p r e s e n t s  s e c t i o n  C Q  and cd as  a f u n c t i o n  

S e c t i o n  Drag C o e f f i c i e n t  

The s e c t i o n  d rag  c o e f f i c i e n t  of  t h e  a i r f o i l  w i t h  a j e t - f l a p  i s  
e q u a l  t o :  

c 

where Cd i s  t h e  d r a g  c o e f f i c i e n t  o f  t h e  b a s i c  15% t h i c k n e s s  a i r -  

f o i l ,  s d  i s  t h e  t h r u s t  r ecove ry  f a c t o r  assumed t o  b e  e q u a l  t o  0 .5  
0 

f o r  t h i s  s t u d y ,  and C i s  t h e  d rag  c o e f f i c i e n t  due t o  t h e  de-  
d~~ 

f l e c t i o n  o f  t h e  1 2 . 5 %  mechanica l  f l a p .  The d r a g  c o e f f i c i e n t  of  
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t h e  mechan ica l  f l a p  i s  equa l  t o  0 . 0 0 3  (Reference  1 6 ) .  
F l i g h t  tes ts  have i n d i c a t e d  t h a t  t h e  p r o f i l e  d r a g  of  a p r a c t i c a l  
15% t h i c k  a i r f o i l  s e c t i o n  i s  approx ima te ly  7 %  g r e a t e r  t h a n  shown 
by Reference  11. T h e r e f o r e ,  t h e  p r o f i l e  d rag  terms a r e  i n c r e a s e d  
by a p r o f i l e  f a c t o r  of 1 . 0 7  f o r  a c o n s t a n t  1 5 %  t h i c k  a i r f o i l .  

S t a l l  Angle of  A t t ack  and Drag R i se  

F igu re  27 o f  Reference  15a (shown h e r e i n  as  F i g u r e  C-2)  shows 
t h a t  t h e  ang le  of a t t a c k  f o r  b l a d e  s t a l l  ( d e f i n e d  a s  a 1 of  

m ax cL 
a j e t - f l a p  a i r f o i l  i s  a f u n c t i o n  o f  j e t  d e f l e c t i o n .  The d a t a  
shown i n  F igu re  C-2  i s  f o r  symmet r i ca l  b lowing  on a j e t - f l a p  and 
C .  o f  1 . 0 .  F i g u r e  1 3  o f  Reference  15a ( F i g u r e  C - 3  h e r e i n )  shows 
t h e  e f f ec t  of blowing on s t a l l  ang le  o f  a t t a c k  f o r  t r a i l i n g  edge 
b lowing ,  a t  a j e t  d e f l e c t i o n  ang le  of  55 d e g r e e s ;  t h e  s t a l l  a n g l e  
of a t t a c k  i s  s e e n  t o  dec rease  w i t h  C f o r  C = 0 . 4  - 1 . 2 .  Com- 
p a r a b l e  d a t a  i s  a v a i l a b l e  f o r  modera te  b lowing  (C = 0 . 0  - 0.158)  
on t h e  uppe r  s u r f a c e  of  a mechan ica l  f l a p  i n  Refe rence  15h. 
T h e r e f o r e ,  i t  w i l l  be  assumed t h a t  s t a l l  ang le  w i l l  d e c r e a s e  f o r  
C .  between 0 . 2  and 1 . 0 ,  when b lowing  o v e r  a mechan ica l  f l a p ,  and 
s p e c i f i c a l l y  t h e  a n g l e s  f o r  s t a l l  w i l l  be  o b t a i n e d  from F i g u r e  
C - 2 .  These may be  cons ide red  s l i g h t l y  c o n s e r v a t i v e  due t o  t h e  
f a c t  t h a t  t h e  r e t r e a t i n g  t i p  C f o r  b o t h  t h e  Heavy-L i f t  and h i g h -  
speed  h e l i c o p t e r s  i s  less than  1 . 0 .  

3 

j j 
j 

J 

j 

Based on F i g u r e s  C-2 and C-3, F igu re  C - 4  p r e s e n t s  s e c t i o n  s t a l l  
ang le  of  a t t a c k  a s  a f u n c t i o n  o f  j e t  o r i e n t a t i o n  a n g l e ,  6 .  
i s  c o n s i d e r e d  c o n s t a n t  f o r  s e c t i o n  a n g l e s  of  a t t a c k  g r e a t e r  t h a n  
t h e  s t a l l  v a l u e  shown i n  F igu re  C - 4 .  I n  a d d i t i o n ,  d rag  r i s e  due 
t o  s t a l l  i s  c o n s e r v a t i v e l y  accoun ted  f o r  by s e t t i n g  t h e  t h r u s t  
r e c o v e r y  t o  ze ro  when t h e  s e c t i o n  a n g l e  of  a t t a c k  i s  above s t a l l .  
I t  s h o u l d  be n o t e d  t h a t  t h e r e  i s  an a p p a r e n t  l a c k  of d rag  d a t a  
f o r  a j e t - f l a p  a i r f o i l  p a s t  s t a l l .  
u s e f u l  s u b j e c t  o f  f u t u r e  wind t u n n e l  t e s t i n g .  F i g u r e  C-4 a l s o  
p r e s e n t s  v a l u e s  of  C 

and s t a l l  ang le  shown on F igure  C - 4 .  I t  i s  seen t h a t  t h e  j e t  
d e f l e c t i o n  a n g l e  f o r  CL 

c = .1 t o  1 . 0 .  

C E  

T h i s  item cou ld  be a v e r y  

v e r s u s  C and 6 ,  u s i n g  e q u a t i o n  C - 1  
j L m a x  

i s  i n  t h e  range of  40' - 50' f o r  
max 

j 
L i m i t  Angle o f  A t t ack  

Roughness d a t a  o b t a i n e d  from f l i g h t  t e s t s  a t  HTC have i n d i c a t e d  
t h a t  t h e  r e t r e a t i n g  t i p  ang le  l i m i t  f o r  roughness  (V,) o c c u r s  a t  

7 1  



t 
cL 

(From Reference Ea) 

Figure  C - 2 .  Lift  Coefficient Ver sus  Angle of Attack and Jet Deflection 
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c p  = 
1.22 

0.9 

Lift 

4 

8 =  

Figure  C - 3 .  Lift Coefficient Ver sus  Angle of Attack and Momentum 
Co efficient 
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C! 

JET FLAP DEFLECT I ON ANGLE -6-DEG 

j F igure  C-4. Je t  Flap Stall Angle and C4 V e r s u s  6 and C max 

7 4  



approx ima te ly  2 d e g r e e s  beyond 2 -d imens iona l  s t a l l .  
L i f t  h e l i c o p t e r  can c r u i s e  a t  V N E ,  which i s  d e f i n e d  a s  90% o f  
roughness  speed .  
d e g r e e s  beyond 2 -d imens iona l  s t a l l .  
pe r fo rms  a 2-g  maneuver a t  2 0 0  k n o t s ;  b e c a u s e  of t h e  l i m i t e d  
d u r a t i o n  o f  t h i s  maneuver, t h e  r e t r e a t i n g  t i p  a n g l e  can r e a c h  
t h e  roughness  v a l u e  of  2 d e g r e e s  beyond t h e  s t a l l  l i m i t .  The 

margin shown r e f e r s  t o  F i g u r e  C - 4 .  P o s i t i v e  v a l u e s  u ( l .  0)  ( 2 7 0 )  
show r e t r e a t i n g  t i p  l i m i t  a n g l e s  less t h a n  t h e  l i m i t  o f  F i g u r e  
C - 4  and n e g a t i v e  v a l u e s  a r e  f o r  a n g l e s  g r e a t e r  t h a n  F i g u r e  C - 4 .  

A l l  a n g l e s  shown a r e  f o r  sea l e v e l ,  9S°F. 

The Heavy- 

For  VNE, t h e  r e t r e a t i n g  t i p  a n g l e  i s  1 . 5  

The h i g h - s p e e d  h e l i c o p t e r  

Th ickness  E f f e c t s  on Drag 

A i r f o i l s  t h i c k e r  t h a n  1 5 %  are  r e q u i r e d  t o  p r o v i d e  enough d u c t  
area f o r  t h e  Heavy-L i f t  j e t - f l a p  h e l i c o p t e r s .  T h i s  increased 
t h i c k n e s s  a p p l i e s  from the  b l a d e  r o o t  t o  t h e  s t a r t  of  t h e  j e t -  
f l a p .  The b l a d e  t h i c k n e s s  o f  t h e  f l a p p e d  s e c t i o n  i s  reduced  
l i n e a r l y  t o  a c h i e v e  15% a t  t h e  b l a d e  t i p .  Reduct ion  o f  t h e  a i r -  
f o i l  t h i c k n e s s  i n  t h e  f l a p  s e c t i o n  i s  made p o s s i b l e  by t h e  f a c t  
t h a t  t h e  d u c t  a r e a  i s  reduced  a s  t h e  a i r  i s  b l e d  o f f  f o r  t h e  
j e t - f l a p .  S i n c e  t h e  p e n a l t i e s  o f  d r a g  d i v e r g e n c e  and s t a l l  o c c u r  
on t h e  t i p  s e c t i o n s  o f  t he  b l a d e ,  t h e y  are p r o p e r l y  accounted  
f o r  by t h e  a i r f o i l  s e c t i o n  c h a r a c t e r i s t i c s  o f  t h e  15% a i r f o i l .  
The t h i c k e r  i n b o a r d  s e c t i o n s  are a t  low v a l u e s  o f  Mach Number 
and t h e  i n c r e a s e  i n  d r a g  can be accoun ted  f o r  by m u l t i p l y i n g  t h e  
p r o f i l e  d r a g  terms by a weighted  f a c t o r ,  d e r i v e d  a s  f o l l o w s :  

The r a t i o  of p r o f i l e  drag  of  a t h i c k e r  s e c t i o n  t o  a 15% t h i c k  
s e c t i o n  can be  o b t a i n e d  from e q u a t i o n  6 ,  Chap te r  6 ,  Reference  1 7 .  
The i n b o a r d  s e c t i o n  i s  assumed t o  e x t e n d  t o  85% o f  t h e  r a d i u s  
w h i l e  t h e  j e t - f l a p  s e c t i o n  s t a r t e d  a t  from 65% t o  75% f o r  t h e  
cases i n v e s t i g a t e d .  Th i s  was done t o  accoun t  f o r  t h e  l i n e a r  
t r a n s i t i o n  from i n b o a r d  t h i c k n e s s  t o  t i p  t h i c k n e s s  o v e r  t h e  f l a p  
l e n g t h .  The w e i g h t e d  f a c t o r  w a s  o b t a i n e d  by i n t e g r a t i n g  from 
r o o t  t o  t i p  u s i n g  t h e  f o l l o w i n g  e q u a t i o n :  

PPFweighted - - p p F r o o t  t / c  , I x3dx 
I 
0 

1.0 
r . ?  

+ P P F t i p  t / c  x3dx 
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T h i s  r e s u l t e d  i n  PPF = 1 . 1 4  f o r  2 0 %  i n b o a r d  t h i c k n e s s  and 
PPF = 1 . 1 7  f o r  2 2 %  i n b o a r d  t h i c k n e s s  w i t h  1 5 %  o u t b o a r d  t h i c k n e s s  
f o r  b o t h  c a s e s .  
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APPENDIX D 

EMPTY WE I GHT DETERbIINATION 

I n t  r o d u c t  i o n  

The empty w e i g h t s  o f  t h e  h e l i c o p t e r  s t u d i e d  h e r e  were  b a s e d  on 
t h e  s t a n d a r d  u s e  o f  e m p i r i c a l l y - d e r i v e d  s t a t i s t i c a l  w e i g h t  
e q u a t i o n s  f o r  t h e  s e v e r a l  components i n v o l v e d .  Two s e t s  o f  
e q u a t i o n s  a r e  p r e s e n t e d  here ,  one f o r  t h e  Heavy-L i f t  m i s s i o n ,  
and one l i s t i n g  t h e  r e v i s i o n s  t o  t h e  Heavy-L i f t  e q u a t i o n s  t o  
p r o v i d e  f o r  t h e  h i g h  speed  m i s s i o n .  
u sed .  

A common s e t  of  symbols i s  

Heavy-L i f t  m i s s i o n . -  The f o l l o w i n g  e q u a t i o n s  a r e  used  f o r  c a l -  
c u l a t i o n  of  h e l i c o p t e r  component w e i g h t s :  

Main Rotor  Group 

.87gw .231  
g 

wr - - K j f  K m r  r1 .0427 b (RC) 
(D- 1 )  

.938,+, .246\, . 706+200 
(RC) g t 

- 3  b1.067 
+ 2.413 x 1 0  

where K = 1.1 ( w i t h  j e t - f l a p )  
j f 

= 1 . 0  ( n o - j e t - f l a p )  
Kmr = .92 (Cold Cycle)  

= 1 . 0 0  (Warm Cycle) 
= 1 . 1 0  (Hot Cycle)  

T a i l  S u r f a c e s  

= 2 . 5 5  KtsSts Wts  

where K t s  = . 7 0  

2/  3 
W 

= 2 2 1  (+) Sts 
gb 

T a i l  R o t o r  
1 .213 

= 3 . 7 0  K t r  (RCbItr 'tr (D- 3) 
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where :  K = .go 
tr  

W 
(RCb)tr = 17 .98  (e) 

gb 

Body Group ( f u s e l a g e )  

. 611s. 551 WB = .0819 K W 
B g  

where:  K, = . 7 5  
J5 

2/3  
W 

S = 1549 (+) 

gb 

A l i g h t i n g  Gear 
1.169 

K l g  wg 
W = 8.344 x 

1g 

F l i g h t  C o n t r o l s  

.460w . 2 4 2  + 180 
g 

- 4 . 8 4  (RCb) w f c  - K f c  

where:  Kfc = .90 

N a c e l l e s  
2 4  

= .OS W + 43.31  K n a c W L n g  N e  
'nac eng 

where:  K n a c  = .80 

Engine I n s t a l l a t i o n  

W = 1 . 1 0  WreNePai r  
eng 

A i r  I n d u c t i o n  and F i l t e r s  

= .00906 N N 'ai eng e 

(D- 4) 

(D- 7 )  
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Exhaust  System 

N eng e = . 2 2 3  W '  'es 

L u b r i c a t i o n  System ( i n c l u d e d  i n  APU weigh t )  

(D-10) 

(D-11) 

Fuel  System ( f u e l  b a s e d  on 4 - t r i p  endurance  mis s ion  
= W f )  

(D- 1 2 )  = 2 9 5  + 7 0 . 6  N t  + . 0 6 1 4  Wf wf s 

Engine C o n t r o l s  and S t a r t e r  ( f i x e d  p r o p u l s i o n  sys tems)  

W = 60 + 60 Ne 
f P 

(D- 13) 

J e t - D r i v e  System 

2 . 3 2 N  + 5.136 DeNe + 2 2 . 6 4  DeNe * "  (D-14) 
W j d  = .0888KdivDe e 

where:  S u b s c r i p t  "g" deno tes  c o n d i t i o n s  a t  e x i t  o f  
d i v e r t e r  v a l v e  (Kdiv - - .95 1 

W = Gas f low/eng ine  

N e  = number of eng ines  

g 

De = d i v e r t e r  v a l v e  e x i t  d i a m e t e r  ( i n . )  

1 / 2  1 - = 2  ; g  e 
mr 

- d e s  
De 

W 
The f low f u n c t i o n  I' = (  g Te)  

ADP e 
i s  a f u n c t i o n  of t h e  d u c t  Mach 

Number and s p e c i f i c  h e a t  r a t i o .  The r e l a t i o n s h i p  between t h e  
i n t e r n a l  f low l o s s  and t h e  d i v e r t e r  v a l v e  we igh t  i s  de te rmined  
by t h e  cho ice  f o r  the f low Yach Number. 
.178 (Mach Number = . 2 )  h a s  been  found t o  produce  a good com- 
p romise  between we igh t  and p r e s s u r e  l o s s e s .  

A f low f u n c t i o n  o f  

( 
t i o n s .  

)des  denotes  t a k e o f f  r a t i n g  a t  hove r  des ign  condi -  

79 



Yaw Fan/Rotor Dr ive  System + Accessory Gearbox 

(D-15) 847 
y f d  (Rcb);r = 25.19 K 

Yfd 
W 

= .894 
Y f d  

where: K 

Rotor  Brake 

Wrb = 200  l b s  ( c o n s t a n t )  

A u x i l i a r y  P r o p u l s i o n  Group 

W = 506 l b s  ( c o n s t a n t )  
aPu 

I n s t r u m e n t s  

W i  = 400 l b s  ( c o n s t a n t )  

H y d r a u l i c s  and  Pneumatics  Group 

where: K h  = .90 

E l e c t r i c a l  Group 
473 W e l  = 3 . 8 6  K W '  

e l  g 

where : K e l =  .90 

Avionics  

W = 1280 l b s  ( c o n s t a n t )  av 

IR Countermeasures Device 

W i r  = 500  l b s  ( c o n s t a n t )  

Armor 

= 560 l b s  ( c o n s t a n t )  arm W 

(D-16) 

( D - 1 7 )  

(D-18) 

(D-19) 

(D-23) 

(D-21) 

( D - 2 2 )  

(D-23) 
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Crew/Passenge r F u r n i s h i n g s  and Equipment 

= 1000 l b s  ( c o n s t a n t )  'fe 

A i rcond i  t i o n i n g  Group 

= 350 l b s  ( c o n s t a n t )  'ac 

A n t i - I c i n g  Group 

W = 1 0 0  l b s  ( c o n s t a n t )  an 

(D- 2 4) 

(D- 2 5) 

(D-26) 

A u x i l i a r y  Gear (Cargo Handl ing  Devices)  

W = .03418 W l l  where:  W l l  = l o a d  l i f t e d  (D- 2 7) 
(1bs)  ag 

Weight Empty 

W = e q u a t i o n s  D - 1  t h rough  0 - 2 7  e 
U s e f u l  Load (Wul) 

a. C r e w  @ 240 lbs/man x 5 = 1 2 0 0  l b s  

b .  O i l  @ 17.5  l b s / e n g i n e  x Ne 

(D- 2 8) 

(D-29) 

c. Unusable Fue l  @ . 0 1  Wfue l  (p r imary  m i s s i o n )  (D-30) 

d.  Misce l l aneous  Equipment = 1 0 0 0  l b s  ( c o n s t a n t )  

e.  Fue l  ( u s a b l e )  p r imary  m i s s i o n  ( a s  r e q u i r e d ) =  W f u e l  

f .  Pay load  6 0 , 0 0 0  l b s  

Gross Weight (Wg) 

l v = w e + w  - + Warmup Fue l  g u l  - mm 
Revis ion  t o  Heavy-Li f t  we igh t  e q u a t i o n s  f o r  h i g h  speed  
m i s s  i o n .  -- 

Body Group 
.611  s . 5 5 1  WB = . 1 2 6  K W 

B g  
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2 
where:  S = 920 f t .  

. 611  W B  = 5 .41  K W 
B g  

F 1 i gh t C o n t r o l s  
.460w . 2 4 2  

g 
= 4.84 K f c  (RCb) w f c  

N a c e l l e s  

Engine C o n t r o l s  (F ixed  p r o p u l s i o n )  I 
= 20 + 1 0  Ne wfP 

Rotor  Brake 

Wrb = 30  l b s .  ( c o n s t a n t )  

Aux i 1 i a r y  P r o p u l s i o n  

W = 1 0 0  l b s .  ( c o n s t a n t )  
aPu 

I n s t r u m e n t s  

Wi = 1 5 0  l b s .  ( c o n s t a n t )  

Av ion ic s  

Wav = 400 l b s .  ( c o n s t a n t )  

I .  R .  Countermeasures  Device 

W i r  = 300 l b s .  ( c o n s t a n t )  

Armor 

= 500  l b .  ( c o n s t a n t )  arm W 

Crew/Passenger  F u r n i s h i n g s  G Equipment 



A i r  Cond i t ion ing  Group 

1 0 0  l b .  ( c o n s t a n t )  

A n t i - I c i n g  Group 

30 l b .  ( c o n s t a n t )  

A u x i l i a r y  Gear 

0 l b s .  

Fue l  System 

= 2500 Wf = -174 W f u e l  
wfs r4400 

Unusable  F u e l  

WUf = .005 W f u e l  

Mi sce l l aneous  Equipment 

0 l b s .  

C r e w  

2 men a t  2 4 0  = 480 l b .  ( c o n s t a n t )  

O i l  

35 l b .  ( c o n s t a n t )  

Pay load  

6000 l b s .  
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APPENDIX E 

OPTIMIZATION PAMMETERS 

I t  i s  n o t e d  on pages  1 2  and 2 2  t h a t  t h e  b lock  speed  i n  t h e  s u b -  
j e c t  s t u d y  i s  c o n s t a n t ,  T h e r e f o r e ,  t h e  P r o d u c t i v i t y  p a r a m e t e r  
i s  t h e  same a s  PayloadlEmpty Weight.  Lengthy cos t  s t u d i e s  of  
t e n - y e a r  l i f e - c y c l e  costs  of  heavy l i f t  h e l i c o p t e r s  have been  
made based  on source  d a t a  such  a s  Refe rence  1 8 .  I t  was found 
t h a t  ( n e g l e c t i n g  such  r e l a t i v e l y  c o n s t a n t  i t ems  a s  i n i t i a l  
deve lopment ,  f l i g h t  crew pay ,  and t r a v e l ) ,  f u e l  c o s t s  r e p r e s e n t  
less than  s i x  p e r c e n t  of  t h e  t e n - y e a r  cos ts .  The o t h e r  n i n e t y -  
f o u r  p e r c e n t  of c o s t s  a r e  p r o p o r t i o n a l  t o  empty we igh t  a t  a 
f i x e d  p a y l o a d ,  o r  t o  payload/empty  we igh t .  
show t h a t  t h e  choice  of P r o d u c t i v i t y  ( a s  d e f i n e d  on page 2 1 )  
a s  t h e  c r i t e r i o n  f o r  comparison i s  t h e  c o r r e c t  pa rame te r .  

A s  c o n f i r m a t i o n  o f  t h e  v a l i d i t y  o f  s e l e c t i n g  a p r o d u c t i v i t y  c r i -  
t e r i o n  r a t h e r  than a f u e l / p a y l o a d  c r i t e r i o n  a s  t h e  o p t i m i z a t i o n  
p a r a m e t e r ,  Tab le s  E - 1  and E - 2  below (which a r e  b a s e d  on T a b l e s  
4 and 5 on pages 2 7  and 30 )g ive  t h e  t r a d e - o f f  of  P r o d u c t i v i t y ,  
Fue l /Pay load ,  and R e l a t i v e  T o t a l  V a r i a b l e  L i f e  Cycle  Cos t s  a s  a 
f u n c t i o n  of  duc t  Mach Number and d i s k  l o a d i n g ,  r e s p e c t i v e l y .  , 

Thus i t  i s  e a s y  t o  

TABLE E - 1  

EFFECT. OF DUCT MACH NUMBER 

Duct Mach Number 0 .31  0.43* 

R e l a t i v e  Re 1 a t  i v e  
Cos t  F a c t o r  Cost  F a c t o r  

P r o d u c t i v i t y  (127.4) .966  (130.4)  . 9 4 4  

Fue l /Pay load  ( .2081) .OS3 (.2198) .056 
T o t a l  V a r i a b l e  L i f e  1 . 0 1 9  1 . 0 0 0  

Cycle  Cos ts  

* Mach No. f o r  h i g h e s t  p r o d u c t i v i t y  
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TABLE E - 2  

EFFECT OF DISK LOADING 

7 9** Disk  L o a d i n g - l b / f t  2 

R e l a t i v e  
Cost  F a c t o r  

Re l a t  i v e  
Cos t  F a c t o r  

P r o d u c t i v i t y  (129.7) .949 (130.4)  . 9 4 4  
Fue 1 /Pay l o  ad (. 2046) . 0 5 2  (. 2198) .056 

1 . 0 0 1  1 . 0 0 0  T o t a l  V a r i b a b l e  L i f e  
Cycle  Cos t s  

** Disk Loading f o r  h i g h e s t  p r o d u c t i v i t y  

To p r e p a r e  T a b l e s  E - 1  and E - 2 ,  t h e  v a l u e s  o f  P r o d u c t i v i t y  and 
Fue l /Pay load  were n o t e d  from T a b l e s  4 and 5 r e s p e c t i v e l y ,  a t  t h e  
d u c t  Mach No. 
h i g h e s t  p r o d u c t i v i t y  i n  t h e  n o t e d  t a b l e s .  Based on s t u d i e s  p r e -  
p a r e d  from Reference  1 8 ,  a r e l a t i v e  c o s t  o f  .944 was a s s i g n e d  t o  
P r o d u c t i v i t y  and a r e l a t i v e  c o s t  o f  . 0 5 6  was a s s i g n e d  t o  F u e l /  
Payload  ( t o t a l  = 1 . 0 0 0 ) .  Then t h e  P r o d u c t i v i t y  and Fue l /Pay load  
were n o t e d  from T a b l e s  4 and 5 f o r  t h e  d u c t  Mach No. and d i s k  
l o a d i n g  which gave t h e  lowes t  Fue l /Pay load  i n  t h e  r e f e r e n c e d  
Tab les .  The r e l a t i v e  costs a s s o c i a t e d  w i t h  changed p r o d u c t i v i t y  
and Fue l /Pay load  were de te rmined  by m u l t i p l y i n g  t h e  o r i g i n a l  
r e l a t i v e  c o s t s  by the r a t i o s  o f  P r o d u c t i v i t y  and Fue l /Pay load ,  
r e s p e c t i v e l y ,  as f o l l o w s  f o r  d u c t  Macn No. = 0.31. 

( .43)  and d i s k  l o a d i n g  ( 9  l b / f t  2 ) which showed t h e  

P r o d u c t i v i t y  : Revised c o s t  = . 9 4 4  x 127.4 130*4 = -966  

2081 Fue 1/Pay l o a d  : Revised c o s t  = .056 x ,m = .053  

For  t h e  d u c t  Mach Number r e d u c t i o n  i n  Tab le  E-1 t h e r e  i s  a 5.3% 
r e d u c t i o n  o f  f u e l / p a y l o a d  v e r s u s  a 2.3% r e d u c t i o n  i n  P r o d u c t i v i t y .  
For  t h e  d i s k  l o a d i n g  r e d u c t i o n  i n  Tab le  E - 2  t h e r e  i s  a 7% r e d u c -  
t i o n  i n  f u e l / p a y l o a d  v e r s u s  a 0 . 5 %  r e d u c t i o n  i n  p r o d u c t i v i t y .  

However, because  o f  t h e  g r e a t e r  i n f l u e n c e  of  P r o d u c t i v i t y ,  i t  is  
s e e n  t h a t  t h e  v a r i a b l e  l i f e  c y c l e  c o s t s  would have been  h i g h e r  
i n  b o t h  t h e  c a s e  o f  o p t i m i z i n g  d i s k  l o a d i n g  o r  o f  o p t i m i z i n g  
d u c t  Mach Number by t h e  use  of  l owes t  f u e l / p a y l o a d  i n s t e a d  o f  
h i g h e s t  p r o d u c t i v i t y .  
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APPENDIX F 

SELECTION OF NUMBER OF BLADES FOR BASELINE V E H I C L E  

A b r i e f  s t u d y  was made o f  t h e  p o s s i b i l i t y  o f  u s i n g  a t h r e e - b l a d e d  
r o t o r  f o r  t h e  r e f e r e n c e  Warm Cycle h e l i c o p t e r  w i t h o u t  a j e t - f l a p .  
I t  was found t h a t  a h i g h e r  P r o d u c t i v i t y  (115.5)  c o u l d  be o b t a i n e d ,  
e s s e n t i a l l y  because  t h e  t h r e e - b l a d e d  r o t o r  i s  n o t  a s  c o n s t r a i n e d  
by d u c t  a r e a  r equ i r emen t s  a s  t h e  f o u r - b l a d e d  r o t o r ,  which had a 
P r o d u c t i v i t y  o f  108 .8  ( F i g u r e  5 ) .  However, t h e  i n d i v i d u a l  b l a d e s  
of  t h e  t h r e e - b l a d e  r o t o r  a r e  wider  and ,  t h e r e f o r e ,  deepe r  t h a n  
t h o s e  f o r  a f o u r - b l a d e d  r o t o r .  The r a t i o  o f  b l a d e  r a d i u s / s p a r  
dep th  ( R / t ) ,  which is  t h e  b a s i c  p a r a m e t e r  i n f l u e n c i n g  b l a d e  
bending  f r equency ,  i s  80 f o r  t h e  t h r e e - b l a d e  r o t o r  and 9 0  f o r  
t h e  f o u r - b l a d e  r o t o r .  A lower (R / t )  r a t i o  s i g n i f i e s  a s t i f f e r  
b l a d e .  As a r e s u l t ,  f o r  e q u a l  d i s k  l o a d i n g  and /o r  g r o s s  w e i g h t ,  
t h e  t h r e e - b l a d e  r o t o r  f i r s t  mode f l a p w i s e  bending  f r equency  i s  
h i g h e r  t h a n  t h a t  o f  t h e  f o u r - b l a d e  r o t o r ,  and w i l l  approach  3 
p e r  r e v ,  t h u s  i n c r e a s i n g  t h e  p o s s i b i l i t y  o f  h i g h  3 / r e v  b l a d e  
bend ing  s t r e s ses .  Consequent ly ,  t h e  f o u r - b l a d e  r o t o r  d e s i g n  was 
used  f o r  a n o - j e t - f l a p  r e f e r e n c e  because  o f  t h e  lower b l a d e  bend-  
i n g  f r equency .  
s p a r  d e p t h  r a t i o  ( R / t )  f o r  t h e  t h r e e - b l a d e  Hot Cycle  j e t - f l a p  
r o t o r  ( w i t h  i t s  s u b s t a n t i a l l y  nar rower  chord)  i s  9 7 ,  l e a d i n g  t o  
an a c c e p t a b l e  b l a d e  bending  f r equency .  

I t  s h o u l d  a l s o  be n o t e d  t h a t  t h e  b l a d e  r a d i u s /  
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